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AZADO  2-azaadamantane N-oxyl 
Boc   tert-butoxycarbonyl 
br broad




calcd calculated value 
CAN ceric ammonium nitrate 
Cbz benzyloxycarbonyl 









EI electron ionization 




EWG electron withdrawing group 
FAB fast atom bombardment 
h hour (s) 
HFIP hexafluoroisopropanol 
HMBC hetero-nuclear multiple-bond connectivity 
HMQC hetero-nuclear multiple quantum coherence 
HPLC high performance liquid chromatography 
HRMS high resolution mass spectrometry 
Hz hertz 
i iso 
IMes   1,3-bis(2,4,6-trimethoxyphenyl)imidazolium 
IAd 1,3-bis(adamantyl)imidazolium 
IR infrared spectroscopy 
J coupling constant 
M molar 
Me methyl 
MS4Å molecular sieves 4 Å 
min minute (s) 
mp melting point 
MS mass spectrometry 
NHC N-heterocyclic carbene 
NMO N-methoxymorpholine N-oxide 







rt room temperature 
t tertiary 
TASF tris(dimethylamino)sulfonium difluorotrimethylsilicate 
TBAF tetra-n-butylammonium fluoride 
TBAT tetra-n-butylammonium difluorotriphenylsilicate 
TBS tert-butyldimethylsilyl 
TEMPO 2,2,6,6-tetramethylpiperidine N-oxyl 
TES triethylsilyl 
Tf trifluoromethanesulfonyl 
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Figure 0-1.  
 
． 5 1961
Hüisgen H [3+2] 々 ．
．  (Scheme 0-1a) 6 Hüisgen 2002 Mendal7 Sharpless8
． F H





Hüisgen ･  (Scheme 0-1c) 10 H
º ． H F º
H  (Scheme 0-1d)11  
 
 
Scheme 0-1. ．  
 
H 12  






























(c) Strain-promated alkyne azide cyclization (SPAAC)
NN
N














H ． ． B
H 14 ％ 2000-2200 cm-1々 H F
％  (Figure 0-2) F
H F B F
F ･ 15  
 
     
Figure 0-2.  
Yamakoshi, H.; Dodo, K.; Okada, M.; Ando, J.; Palonpon, A.; Fujita, K.; Kawata, S.; Sodeoka, M., J. Am. Chem. 
Soc. 2011, 133, 6102. © 2011 American Chemical Society. 
 
Nicholas ． ．
1972 Nicholas Pettit H 16
F F ．
H 17 ．
A  Pauson-Khand ． F A  (Scheme 0-3)18  
 
 
Scheme 0-3. ．  
 
Nicholas ．



















R1 = H, alkyl, phenyl, silyl …






























A 19 ’’direct approach
’’ 20 F
F B ･ H  







 (Figure 0-3 ) F
B  
B Late-stage functionalization 
(LSF) H  (Figure 0-3 )22
B
F
． “innate ( )” ．














Scheme 0-4.  
 









































 (Scheme 0-5)  
 
 
Scheme 0-5. Romo Simultaneous arming/SAR  
 
 H Romo B
Eupalmerin acetate (EuPA:7)
º F  (Figure 0-4) 23d  Romo 8
EuPA H F EuPAyne (9) F F
EuPA ･  
 
 




































































































 sodium (difluoroalkylazide)sulfonate (DAAS-Na) (10) C-H
 (Scheme0-6)24 papaverine (11) 12 13
aciclovir (14) 15 ･ H
H F Antibody-Drug Conjugate (ADC) F ･  
 
 
Scheme 0-6. Baran  
 
2016 Hartwig -
C-H  (Scheme 0-7a)25
Hüisgen ． F




























































F 26  
H ． Nicholas ．
Nicholas ．
． B H Nicholas
16 HBF4 F
 anisole o-, p- ．  (Scheme 0-8)27  
 
 
























































50% (dr = 11:1)
<20 examples
up to 79%
a) Hartwig’s C-H azidation















 Nicholas H 17 ． 17
N ． （ ． F
Nicholas 17 N-acetylhomoveratrylamine 20 ）
H 22 ． F  (Scheme 0-9) 28
17 ． Roth H 29 H
． H 30 17 ． HBF4
H H  
 
 
Scheme 0-9. Nicholas 17 ．  
 
1987 Jaouen O-methyl estrone (25)






Scheme 0-10. Jaouen 17  
 
2016 Harki, Brummond Nicholas ．





















































O-methyl estrone (25) 26
27






F H  
 
 
Scheme 0-11. Harki, Brummond  
 
Nicholas ． ．
17 ． ． HBF4 Harki, 
Brummond H F F
F Cs2CO3 F 17 ． F B
A F H mestranol
 DTBP F ．
F TEMPO+BF4- F




Scheme 0-12. 17  
 





AA = amino acid
BF3•OEt2, 0 ºC
16: R = CH2OH




















B Nicholas ． A
Nicholas ． Sieera, Torre H
． H A
B
 (Scheme 0-13) 33  
 
 
Scheme 0-13. Sierra, Torre ．  
 
A Lewis
F 2008 H Yu o-  
Scheme 0-14a 34 o-
 F ．
A ．
2009 Yu o- F
Friedel-Crafts ．  Scheme 















Scheme 0-14. o- ．  
 
Yu 29 ．
30 F ･ 31 ．
32  (Scheme 0-15) 31 C
32 F A  




Scheme 0-15. 29 Nicholas ．  
 
F  ( )




























C6H5Cl, rt, 1 h
R2 = CH2Ph
R1 = n-Bu or Ph
PhCH2CH2OH
PPh3AuOTf









































F A 36  
 
 
Figure 0-5.  
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A F F  
 
 














electron withdrawing group 
→ decreasing C4 position of isocoumarin 
fluorous tag 
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Scheme 0-17. Jaouen ．  
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= 1.20  F = 1.47 )39 F F F
AH H F B AB H F
A a H F F
2p p 40
B 41





difluoropropargyl bromide 36 Co2(CO)8 H F 37 F ･ H
37 H ． F F


































Scheme 0-18. 37  
 
a-
H B H  (Figure 0-6)
F B a-
F A  
 
 
Figure 0-6.  
 
AB  (1) 43 (2)
44 (3) 45
3 H 1 B F 2, 3
A F
． F




38 ． 「 B 39









































Scheme 0-19. Hammond  
 
F 37
-  (Scheme 0-20)
37 ． -
F ． Nicholas．
． ． F F
． A F H  
CAN B N,N,N’-trimethylethylenediamine B TBAF
･
． F H F -
A F F  
 
 




 (Scheme 0-21)49 4-
(difluoromethyl)imidazole (38) ， 2.5
． F 、 4-formylimidazole (39) F




















































F  (Scheme 0-22)










52 F  (Scheme 0-23a)53
Claisen
F F F










































(a) Hydrolysis of difluoromethyl groups
































A F  
 





























































(a) Lewis acid-catalyzed propargyl-Claisen rearrangement





















1 4 3 o -
-
1 ．  
Nicholas 2 28 80% 17 Scheme 1-1  
 
 
Scheme 1-1. 17  
 
 17 ． HBF4
H 17 eugenol (42) mestranol (45)
F 17 eugenol (42) 43, 44





Scheme 1-2. 17  
 
veratrol (46) 17
． H 28 Table 1-1  
º F 47, 48





CH2Cl2, rt, 5 h, 93%
Co2(CO)6HO
HBF4•OEt2 (3 eq.)
















CH2Cl2, rt, 2 h
+
17 (1.5 eq)





A º H F
 
．
． B  (entry 2-4) F 17
B
1-1 ．
B ． B  (entry 5, 6) HFIP 17
．  (entry 7)  DMF DMSO
． B entry 8, 9  
H º
º A entry 10, 11 º
F F 49 entry 12
49 HMBC DBU, DMAP
． B entry 13-15 F
B B 55 Et3N ． H
, 50 F A Scheme 1-3  
 
 
Scheme 1-3. 17 ．  
 
º



















Table 1-1. Veratrol  
 
 
2 ．  
O-methyl estrone (25) , 26, 27
 (Table 1-2) Jaouen ． F 31
entry 1
º ． 51 B 26, 
27 F A  (entry 2-4) DTBP Et3N
． B  (entry 5) F DTBP
B



















MeO 17 (1.5 eq), base

























































































Table 1-2. O-methyl estrone (25) ．  
 
 
3 mestranol (45) H
(Scheme 1-4) F F
º ． 52, 53
DTBP ． 54
％ pKa  (pKa = 4-5) mestranol 3  
(pKa = 17-19) F ． B 17
DTBP ．  
 
 



































[a] Yields were calculated based on the total aomount of mixuture of 25-51 
and its NMR peak ratio. See the experimental section for details.





















CH2Cl2, 0 °C to rt
30 min






















52 53 F 54
º HBF4 H F 52-56 21%
54 34% H  (Scheme 1-5) 54 º









3   
B
． A Table 1-3 veratrol (46) 2 3
entry 1 2 H 1,3-
benzodioxole (57) 1 58  (entry 2)  1-methylindole (59)
C3 ． 60  (entry 3) eugenol 
(42) 43, 44 61



























+ 54 recovered (36%)
 
 24 




1 2 17 ． F
28 F F ） ）   
Ac,  Boc,  Cbz ） ．
 (Table 1-5) Ac ） ．
F Nicholas H 28
Cbz ） H 2
．
． 29  
Boc ） 62 63 TLC















0 °C to rt
0 °C to rt
0 °C to rt
1.5






















4a -20 °C to 0 °C



















[a] K2CO3 was used instead of Cs2CO3.
 
 25 
Cbz ） 64 65 66
67 3 entry 2 Ac ） 20 H
B 21 H  (entry 3) N-
Cbz ） 68 2
69, 70  (entry 4) F 1



























































































Table 1-7  Naproxen 
methyl ether (71) C-1 ． 40 entry 1 40
COSY, HMBC Indomethacin methyl ether (72)
2 73, 74 entry 2 75
3 H 76 entry 3 56  
rotenone (77) entry 4
C-H 78 2 79
2 F 1H-NMR F 57  
xanthotoxin (80) 40ºC ． F
C5 H 81 entry 5 ipriflavone (82)
． entry 6 F ．
H F
F ． ％  




















Table 1-5.  
 








































0 °C to rt


















naproxen methyl ester (71)













73 (51%) 74 (15%)
no reaction
ipriflavone (82)







































Table 1-8 estrone, mestranol
steroid estradiol (83) 84, 85, 86
2 B entry 1




Jaouen A  








entry 3  
papaverine (11) ． F H
93 F A entry 4
3 chinomenine (95)
entry 5 Papaverine F F
H  


























































podophyllotoxin: R = H (87)
podophyllotoxin: TBS ether 
R = TBS (89)
estradiol (83)
84 (15%) 85 (23%) 86 (17%)
88 (28%)
0 °C to rt










































































F H F eugenol 42
F 42 F H
B F B
 
Table 1-7 CAN NMO
96 B entry 1,2 H
entry 3 58 ．
º ． F
H ． B  
． TEMPO
º TEMPO+BF4- F
entry 4 59 H ． H F –40 °C ． F
86% F ･ entry 5, 6  
 

















CAN (4.5 eq), NEt3 (1.0 eq), Acetone (0.01 M), rt, 80 min 23%
NMO (ca. 3 eq), THF (0.01 M), rt
TEMPO+BF4- (4.0 eq), MeCN (0.01 M), rt, 40 min 57%
TEMPO+BF4- (4.0 eq), MeCN (0.01 M), - 20 °C, 40 min
















Figure 1-1. H  
 
 5  
17
º F F A
1H-NMR 6-7 ppm 17
 
º TEMPO+BF4- B




























98 (58%) 100 (91%)






















 Nicholas o Nicholas -
 
1 o- Nicholas  
17 º ．
17 ． HBF4
podophyllotoxin TBS ether (89) C2




Scheme 2-1. 17 Podophyllotoxin TBS ether (89)  
 
F Yu H ．
o- 107
 (Scheme 2-2) F ． o- 107
F 108 º 109




















podophyllotoxin TBS ether (89) 90 (19%)
(OC)6Co2
2 2
+       byproducts (desilylation products, 
                              epimers…)
17 (1.5 eq.), Cs2CO3 (10 eq.)






Scheme 2-2. Yu º 
 
A Yu o-
H  (Scheme 2-3)
o- 29 F H F
107 112 ％ 113


















































Scheme 2-3.  
 
29 Scheme 2-4 Methyl o-iodobenzoate (115) 1-hexyne
116 117
117 17 H 29
F 117 16
H F , 29 F ･  
 
 















































CuI (2 mol %)














17 (1.2 eq.), Cs2CO3 (2.0 eq.)






1. (COCl)2 (1.2 eq.), DMF (cat.)
    CH2Cl2, rt, 1 h
2. 16 (0.75 eq.), pyridine (10 eq.)











29 H Scheme 
2-5 1 17 naproxen methyl ester (71)
PPh3AuCl AgOTf H PPh3AuOTf 29 ． H F ．
30 F ･ 29 H
 31 H ．




Scheme 2-5.  29 naproxen methyl ester (71)  
 
32 F
％ 31 1H-NMR C-4
6.25 ppm H 113 1H-NMR 6-7 ppm 々
． F  31 ．
． Hashmi H Scheme 2-6 ．
º 60  
 
 




































PPh3AuOTf PPh3AuCl AgOTf H
ʼ F
F 61  
Table 2-1 ． 29
 ( ) PPh3AuOTf F
10 mol% ． entry 1-3 F N
B 10 mol% ʼ PPh3
entry 4-7 ClO4- ．
BF4-, NTf2-, SbF6- ． F 3 5 mol% ． H
F SbF6- NTf2- A． 10 mol%
 
． SbF6- 4 NTf2- > BF4- > OTf- 
F Hydrogen Bond Basicity Index (HBI) A HBI Hammond
H OAc- HBI 10, CTf3- HBI 0
H 62 HBI SbF6 (2.8), NTf2- (1.0), BF4- (5.2), 
OTf- (3.4) , HBI H SbF6-, NTf2 Yu 111
々 o- ．
」 63 HBI H 111
protodeauration CF ．  
ʼ NHC IMes ʼ
SbF6- ．
． entry 11 F F ʼ
F H  
PPh3AuCl, AgSbF6 ．
entry 12,13 F F F
． F H  
･ 32 CF A 29
31 113 ． F








Hashmi ．  (Scheme 2-6) o-
． Scheme 2-7a 60 F ．
118 120 121 F ． F 119
119 120 121 ．
B ． H






































































15 3 31 57
30 min 74 19 78 0
7 h 29 9 39 17
67 15 70 0
52 12 72 0
5




30 min 72 14 70 0
5
PPh3AuCl + AgNTf2
10 3 h 12 9 12 73
3 h
30 32
5 30 min 71 14 68 0





Scheme 2-7. Hashmi  
 
122 29 methyl o-iodobenzoate (115)
16 F
122 Scheme 2-8  
 
 
Scheme 2-8. 122  
 
122 naproxen methyl ester (71) 29 F
A 122 120 ． 126 29%




O n-PentNC-AuCl (5 mol%)AgOTf (5 mol%)
dioxane, rt, 16 h, 16%
O
O


































TMS acetylene (1.2 eq.)
Pd(PPh3)2Cl2 (2 mol%)
CuI (2mol %)






1. (COCl)2 (1.2 eq.), DMF (cat.)
    CH2Cl2, rt, 1 h
2. 2-16 (0.75 eq.), pyridine (10 eq.)






Scheme 2-9. 2-21  
 
C4
F  (Figure 2-1) H
º
H
C4F9, C6F13, C8F17  
 
 
Figure 2-1.  
 
 (Scheme 2-10) 123 TMS Fu
H 64 130 130
º 131
16 H F 127, 33 C8F19
130c 131c B 132





























→ decreasing electron dentisy of C4 position 
of isocoumarin
fluorous tag
→ separability of isocoumarin
29 127: R = C4F9
33: R = C6F13




Scheme 2-9. 33 127  
 
127 33 ． naproxen methyl ester (71)
． F 127, 33 30 133, 34
F ･ 133, 34 ． 134, 35
H  
 
Scheme 2-10. 127, 33  
  
133, 34 31
 (FluoroFlash®) /  (1:4)
 (Figure 2-1) F C4F9 133
31 A 34 31 F





CuI (22.5 mol%), IAd•HCl (10 mol%)
Cs2CO3 (1.4 eq.)
DMF-Et2O (1:2)




2M aq. KOH 
TFE
50 ºC, 12 h
R = C4F9 
R = C6F13
R = C8F17
130a: R = C4F9 (66%)
130b: R = C6F13 (67%)






CH2Cl2, rt, 1 h;
16 (0.75 eq.), 
pyridine (10 eq.)
CH2Cl2, rt, 2 h
O
R
127: R = C4F9 (84% from 16)
33: R = C6F13 (85% from 16)
131a: R = C4F9 (92%)
131b: R = C6F13 (89%)









































127: R = C4F9
33: R = C6F13
133: R = C4F9 (99%)
34: R = C6F13 (99%)
134: R = C4F9 (0%)







 Figure 2-1.  
 
3 ．  
2-methoxynaphthol (135) 33 2
2 ． A F BF4-, 
NTf2-, SbF6- F PPh3AuNTf2
136  (entry 1-3) Johnphos65
triphenyl phosphite  (entry 4,5)
F F 4
(4-MeO-C6H4)3P B (4-F-C6H4)3P A
F  (entry 6,7) H B F
F ･  (entry 8,9) B
．  (entry 10,11) F entry 9
entry 6 NTf2-













Table 2-2. 33 ．  
 
 
 (Table 2-3) C2
(137) (139) (141) ．
B  (entry 1-3) C2 C6
 (entry 4-6) 143 ． C1
 (145) (147) C6
． HFIP F ･
67 HFIP protodeauration 68  
17 B
 (entry 7-11) MOM  (149) Boc (155)
TBS  151
． 17 º ．
F AB TMS 153







































PPh3AuCl + AgBF4b1 CH2Cl2 11
[a] Yield was determined by 1H-NMR analysis using mesitylene as an internal standard.
[b] 10 mol% of catalyst was used.













methylbenzothiophene (161) C2 H F ･
N-methyl indole (59) H 3 60
F A 1-Methoxynaphthalene (163)














137: R = iPr
139: R = Ph
141: R = Bn
33 (1.2 - 1.5 eq.)
(4-F-C6H4)3PAuNTf2 (5-20 mol%)
DCE, MS4A, rt, 15 min
FG FG
Co2(CO)6
Aromatic substrates Products (yield, previous yielda)
OR
(OC)6Co2
138: R = iPr (96%)
OMe 143: R = allyl
145: R = Br





144: R = allyl (94%)













150: R = MOM (58%, 14%)
152: R = TBS (100%, <33%)
154: R = TMS (31%c, decomp.)
149: R = MOM
151: R = TBS












155: R = Boc
157: R = Fmoc
156: R = Boc (76%b, 16%)
158: R = Fmoc (99%b)
11
12 X
159: X = O
161: X = S


















148: R = COCH3 (74%)
162: X = S (69%b)
140: R = Ph (96%b)
142: R = Bn (96%b)
[a] Condition: 17 (1.5 eq), Cs2CO3 (10 eq), CH2Cl2, 0 ºC to rt. [b] DCE-HFIP (10:1) was used as a solvent. 
































































indomethacin methyl ester (72)
17

















mestranol (51) 52 (37%b, d, 26%)
53 (33%b, d, 24%)
Co2(CO)6





[a] Condition: 17 (1.5 eq.), Cs2CO3 (10 eq.), CH2Cl2, 0 ºC to rt. [b] DCE-HFIP (10:1) was used as a solvent. 







Co2(CO)633 (1.2 - 1.5 eq.)
(4-F-C6H4)3PAuNTf2 (5-20 mol%)
DCE, MS4A, rt, 15 min
FG FG
Co2(CO)6




B H , indomethacin methyl ether (72), 
mestranol (51)
F H podophyllotoxin TBS ether (89) º







F Romo F gibberellic acid methyl 
ether (169) H F ･ 23b   
 
Scheme 2-11. Romo  
 
Romo F
 (Table 2-4) 1-methoxynaphthalene (162), indomethacin 
methyl ether (72) A F
NTf2- SbF6- F ． 1-methoxynaphthalene (162)
163 indomethacin methyl ether 
(72) 73 F SbF6-































gibberellic acid methyl ether (169)
                 (2 eq.)
5 mol% catalyst, CH2Cl2, rt
170a 170b
Rh2(OAc)4 170a/170b > 95:5











（ B H  
TBAF
30, 69
 (Scheme 2-13) DMF THF








Au catalyst (20 mol%)
DCE-HFIP (10:1)















Au catalyst (5 mol%)

































172 H naproxen methyl ether (71) 100
BF  
 
Scheme 2-13. TBAF one-pot  
 

























100  [81% (one-pot)]
a) decomplexation with TBAF






















1   
C H ，
2p  (a- )
H a - ． H a
F F Friedel-Crafts ．









37 F  (Scheme 3-2) 37
． F H
phenylethyl alcohol (173) ． 174  naproxen 
























(a) property of fluorine
(b) fluorine effect in Friedel-Crafts reaction
 
 50 
F H  
 
 
Scheme 3-2. 37 ．  
 
F ． ． 174
175  (Scheme 3-3)
F ． 20 C
175 ． 30 ºC 174




Scheme 3-3. ．  
 
2  ．  
174
．  (Table 3-1) 15-25
37  (AgOTf)
．  (entry 1,2) 174













• Stable in solvents















(a) Synthesis or complex 3-2











































 (Scheme 3-4) F F B
．
72 F ． BF
174 F A  (entry 3)  
 
 
























2 none benzene 5 69 0
3b
benzene 85 0 9Et3N4




toluene 85 4 0Et3N7d
toluene <16 0 34Et3N
[a] The yields were determined by 1H-NMR using mesitylene as a internal standard.
[b] MS4A was added. [c] 175 was only observed.[d] AgNTf2 was used instead of AgOTf. 
[e] AgBF4 was used instead of AgOTf.
toluene 99 0 0







































F ． C Et3N F 175
H 174 F ･  (entry 4)
F  (entry 4-6)
AgNTf2  (entry 7) AgBF4 ．





176, 177 176 1 
mmol F B
AgNTf2 F 178
179, 180 Boc Fmoc  
181, 182
F 183 F Et3N
B DTBMP AgOTf CF TIPS
184
185 F  
．
 (Figure 3-1b) , , , 
 (186-189) H , 
H ． 190, 191, 192
F
DTBMP F
 (193-195) F Nicholas ． ．
Nicholas ． º F
F ％




 (Figure 3-1c)  198 199
B 199 ％ 37
．
200 F ･




























































186 (47%)e 187 (58%)b 188 (83%)b





















































































(a) substrates containig non-nucleophilic groups
(b) substrates containig nucleophilic groups
[a] AgNTf2 was used instead of AgOTf. [b] DTBMP was used instead of Et3N. [c] Reagents were used at 2 equiv. 
[d] A phenyldifluorobromopropyne dicobalt complex 184 was used. [e] Reagents were used at 1.2 equiv. [f] Benzene was used instead of toluene. 









TBAF F 30 F
 
195 204
 (Table 3-2) Schreiber TBAF THF H F
 (entry 1) F TBAF THF
F
TBAT ． F
F ･  (entry 2) H TBAT H TASF
F THF  (entry 3)
． F F ･  
(entry 4) DMF B























































[a] AgNTf2 was used instead of AgOTf. [b] DTBMP was used instead of Et3N. [c] Reagents were used at 2 equiv. 
[d] A phenyldifluorobromopropyne dicobalt complex 184 was used. [e] Reagents were used at 1.2 equiv. [f] Benzene was used instead of toluene. 


























F  (Figure 3-2)  , Fmoc
205, 206, 207 H  
208  209 F ･ CAN
H 210  
 
 











F- source (2.0 eq.)
solvent, rt, time, yield
195 204




























1. CAN (4.5 eq.)
    MeCN, rt, 10 min
2. TBAF (1.1 eq.)










































211, 212 F TBAF
F 215, 216
214 TBAF
218 219  
 
 





 (Scheme 3-2)  
209 Hüisgen．
210 F → (II) H
1. MeHNCH2CH2NMe2 (6 eq.)


































211-214 (R = TIPS)




[a] The yield was determined by 1H-NMR using CH2Br2 as an internal standard. 























2. TBAF (1.1 eq.), THF
    –78 ºC, 15 min
 
 58 































































EtOH, 40 ºC, 12 h






BnN3 (1.5 eq.), Cu(OAc)2 (5 mol%)
sodium ascorbate (20 mol%)






213 28 cm-1 DMSO 20 cm-1
H 210
H F AH F
B H F A
H  
 
Table 3-3.  
alkynes X =  Raman shift (cm-1) 
Neat / DMSO 
Raman intensity 
vs EdU 
 F (205) 2147 / 2133 0.14 
H (213) 2119 / 2113 0.15 
 F (210) 2251 / 2248 0.69 
H (214) 2241 / 2239 0.63 
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220, 221 ． 233, 234, 235
2-(2-methoxyphenyl)cyclohexanone 236
2-(hydroxymethyl) cyclohexanone 237 238 6.8:1
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Figure 4-1.  
 
4 CAN B N,N,N’-trimethylethylenediamine F
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184: R = Ph
220: R = SiEt3
221: R = C6H13
O
R
222: R = OMe, (89%)
223: R = Cl, (97%)
224: R = CO2Me, (94%)
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233: R = Ph (90%)
234: R = SiEt3 (93%)





























239: R1 = H, 240: R2 = H
R2R
1





237: R1 = H, 238: R2 = H







Figure 4-2.  
 
DTBMP F
 (Figure 4-3) B AF
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4 Z
．  (248-250) (3-methoxyphenyl)acetoaldehyde Z (251, Z:E 
= 6:1) (2-methoxyphenyl)acetoaldehyde H  (252, Z:E = 2:1) Hydrocinnamaldehyde
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Figure 4-4. º 
 
3   
244
B 256  (Scheme 
4-2b) º  (Scheme 4-2b)




















252: 37%a (Z/E = 2:1)b
254: 65% (Z/E 5:1) 255: 52% (Z/E 7:1)
248: R = OMe 71% (Z/E > 20:1)
249: R = Cl 37%a (Z/E = 12:1)b







253: 52% (Z/E > 20:1)
H
O
iPr2NEt (1.5 eq.) 
DTBMP (1.5 eq.)
















251: 56% (Z/E = 6:1)
FF
MeO
[a] Yield was calculated after decomplexation. Decomplexation conditions; MeNHCH2CH2NMe2 (4.5 eq.), O2 
(balloon), Et2O-MeCN (1:1), rt, 12 h. [b] Z/E ratio was determined after decomplexation.
248-255
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condition: 1. (3,5-diCF3C6H3)3PAuBF4 
                   2. AgNTf2 + DTBMP or PMP                






































Table 4-2.  
 
 




265 TES 266 ． 1H-
NMR 19F-NMR 267 ･ F
A F 267 B
243
2 268 BF  
269 BF
4 ．
270 F ･   






































259 : 256 : SM
3b
4
25 : 36 : 18
[a] Yiled Determined by 1H-NMR using CH2Br2 as an internal standard.
[b] 20 mol% catalyst was used.
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271: R1 = H
273: R1 = OMe








272: R1 = H (63%)
274: R1 = OMe (72%)
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All reactions were carried out under an argon atmosphere with dehydrated solvents under anhydrous conditions, 
unless otherwise noted. Dehydrated THF and CH2Cl2 were purchased from Kanto Chemical Co., Inc. Other solvents 
were dehydrated and distilled according to standard protocols. Reagents were obtained from commercial suppliers, 
unless otherwise noted. Reactions were monitored by thin-layer chromatography (TLC) carried out on Silica gel 
plates (Merck Kieselgel 60 F254) or Silica gel plates (Fuji Silysia Chemical Co., Ltd.). Column chromatography was 
performed on Silica gel 60N (Kanto Chemical Co., Inc., spherical, neutral, 63-210 µm) Silica gel 60 (Merck, 63-200 
µm) or CHROMATOREX® -NH (FUJI SILYSIA CHEMICAL LTD., spherical, basic, 40-75 µm or 75-200 µm). 
Flash column chromatography was performed on Silica gel 60N (Kanto Chemical Co., Inc., spherical, neutral, 40-50 
µm). High performance column chromatography was performed on Mightysil Si60 250-20 mm (Kanto Chemical Co., 
Inc., spherical, neutral, 5 µm). All melting points were determined with Yazawa Micro Melting Point BY-2 or AS 
ONE ATM-02 and are uncorrected. IR spectra were recorded on a JASCO FT/IR-410 Fourier Transform Infrared 
Spectrophotometer or JASCO FT/IR-4100 Fourier Transform Infrared Spectrophotometer. 1H-NMR (400 and 600 
MHz) and 13C-NMR spectra (100 and 150 MHz) and 19F-NMR spectra (560 MHz) were recorded on JEOL JNM-
AL-400, JEOL JNM-ECA-600 spectrometers, respectively. For 1H-NMR spectra, chemical shifts (δ) are given from 
TMS (0.00 ppm) or CHCl3 (7.26 ppm) in CDCl3, CHD2COCD3 (2.05 ppm) in CD3COCD3 and CHD2SOCD3 (2.50 
ppm) in CD3SOCD3 as internal standards. For 13C-NMR spectra, chemical shifts (δ) are given from CDCl3 (77.0 
ppm), CD3COCD3 (29.84 ppm and 206.26 ppm) and CD3SOCD3 (39.52 ppm) as internal standards. 19F-NMR spectra, 
chemical shifts (δ) are given from C6F6 (–164.9 ppm) as an internal standard. The following abbreviations were used 
to explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet, sept = septet, dd = double 
doublet, dt = double triplet, ddt = double double triplet, tt = triple triplet, td = triple doublet, qd = quartet of doublet, 
m = multiplet, br = broad. EI mass spectra were recorded on JEOL JMS-DX303, JEOL JMS-700 and JEOL JMS-T 
100 GC. FAB mass spectra were recorded on JEOL JMS-700. ESI mass spectra were recorded on Thermo Scientific 
Exactive Mass Spectrometer or JEOL JMS-T100LP. HPLC was performed by Mightysil Si60 250-20 mm (Kanto 
Chemical Co., Inc., spherical, neutral, 5 µm), Gilson Model 305, 306 as pomps and Gilson Model 118 as a detector 
at 254 nm. Microwave irradiation was performed by using a DiscoverTM system (CEM Japan Inc). GPC was 
performed on SHIMADZU LC-64D as a pump, SHIMADZU RID-10A as a refractive index detector, Prominence 










Synthesis of (prop-2-yn-1-ol)dicobalt hexacarbonyl (16) 
 
A mixture of prop-2-yn-1-ol (0.90 mL, 15.6 mmol) and Co2(CO)8 (5.22 g, 15.6 mmol) in CH2Cl2 (38 mL) was stirred 
at room temperature for 5 h. The solution was concentrated in vacuo. Column chromatography of the residue on 
silica gel (AcOEt : Hexane = 1 : 4) yielded cobalt complex 16 as a red solid (4.76 g, 13.9 mmol, 93%).  
 
Synthesis of hexacarbonyl(2-propynylium)dicobalt tetrafluoroborate (17)  
 
To a solution of HBF4•Et2O (1.10 mL, 6.99 mmol) in Et2O (6.0 mL) was added a solution of cobalt complex 14 (798 
mg, 2.33 mmol) in Et2O (5.5 mL) dropwise over 15 min. The resulting mixture was stirred at room temperature for 
2 h, causing precipitation of a red solid. The solid was filtered and rinsed three times with ether to remove fluoroboric 
acid. After vacuum drying, complex 17 was obtained as a fine red powder (828 mg, 2.01 mmol, 86%). 
 
Synthesis of ammonium salt 50 
 
To a suspension of complex 17 (100 mg, 0.243 mmol) in CH2Cl2 (4.0 mL) was added Et3N (2.0 ml). The reaction 
mixture was stirred at room temperature for 1 h and then concentrated in vacuo. The residue was purified by silica 
gel column chromatography (MeOH : CHCl3 = 1 : 4) to give complex 50 (74.5 mg, 0.145 mmol, 60%) as a red 
amorphous. 00: red amorphous; IR (neat): 2055 cm-1; 1H-NMR (400 MHz, CD3COCD3): d 7.06 (s, 1H), 5.22 (s, 2H), 
3.69 (q, J = 7.1 Hz, 6H), 1.47 (t, J = 7.1 Hz, 9H);13C-NMR (100 MHz, CD3COCD3):d199.7, 77.2, 75.7, 60.6, 53.6, 
8.1; HRMS (ESI): calcd for C15H18NO6Co2 (M+): 425.9793, found: 425.9778.  
 
Functionalization of aromatic molecules 
General procedure for the functionalization of aromatic molecules 
Procedure A: To a suspension of complex 13 (0.150 mmol) and Cs2CO3 (1.0 mmol) in CH2Cl2 (1.0 mL) was added 
neat substrate (0.100 mmol) or a solution of substrate (0.100 mmol) in CH2Cl2 (1.0 mL) at -20 °C or 0 °C. The 
solution was allowed to warm to 0 °C or room temperature and stirred until completion of the reaction as monitored 
by TLC. The reaction mixture was diluted with water (2.0 mL) and extracted with CH2Cl2 (4.0 mL × 2). The combined 
organic layers were dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by silica gel 
column chromatography or HPLC. 
HO
Co2(CO)8 (1.0 eq)
























Procedure B: The suspension of complex 17 (0.150 mmol), Cs2CO3 (0.100 mmol) and substrate (0.100 mmol) in 
CH2Cl2 (2.0 mL) was heated at 40 °C by microwave irradiation. After reaction was complete, the mixture was diluted 
with water (2.0 mL) and extracted with CH2Cl2 (4.0 mL × 2). The combined oragnic layers were dried over MgSO4, 
filtered, and concentrated in vacuo. The residue was purified by silica gel column chromatography. 
 
Procedure C: To a suspension of complex 17 (0.150 mmol) in CH2Cl2 (1.0 mL) was added a solution of substrate 
(0.100 mmol) in CH2Cl2 (1.0 mL) at room temperature. The reaction was stirred until completion of the reaction as 
monitored by TLC. The resulting mixture was diluted with water (2.0 mL) and extracted with CH2Cl2 (4.0 mL × 2). 
The combined organic layers were dried over MgSO4, filtered, and concentrated in vacuo. The residue was purified 
by silica gel column chromatography. 
 
Functionalization of O-methyl estrone (25) 
 
The procedure A was followed with a reaction time of 30 min at room temperature to provide a mixture (57.8 mg) of 
51 (6.60 µmol, 7%) and 26 (0.0451 mmol, 45%) and 27 (0.0397 mmol, 40%). The product ratio was determined by 
1H-NMR. The analytical samples were obtained by HPLC separation (250-20 mm, AcOEt : Hexane = 15 : 85, 9 
mL/min). 
 
51 (retention time: 11.7 min): red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.18 (s, 1H), 6.09 (s, 1H), 
5.92 (s, 1H), 4.19 (s, 2H), 4.17 (s, 2H), 3.81 (s, 3H), 3.02 (dd, J = 17.1 Hz, 5.4 Hz, 1H), 2.90-2.81 (m, 1H), 2.51 (dd, 
J = 18.4 Hz, 8.6 Hz, 1H), 2.36 (br s, 1H), 2.21-2.04 (m, 4H), 1.97 (d, J = 9.6 Hz, 1H), 1.65-1.43 (m, 6H), 0.88 (s, 
3H); 13C-NMR (100 MHz, CDCl3): d 220.7, 199.7, 154.3, 136.4, 134.8, 131.9, 130.2, 126.5, 96.2, 95.2, 74.2, 61.4, 
50.5, 47.9, 44.3, 37.4, 35.9, 34.7, 31.6, 31.2, 27.0, 26.4, 25.9, 21.6, 13.7; HRMS (ESI): calcd for C37H27O14Co4 ([M-
H]-): 930.8723, found: 930.8743. 
 
26 (retention time: 13.5 min): red oil; IR (neat): 2018 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.07 (s, 1H), 6.57 (s, 1H), 
6.00 (s, 1H), 4.07 (s, 2H), 3.79 (s, 3H), 2.89-2.86 (m, 2H), 2.50 (dd, J = 19.1 Hz, 8.5 Hz, 1H), 2.40-2.37 (m, 1H), 
2.23-1.95 (m, 4H), 1.64-1.36 (m, 6H), 0.91 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 221.0, 199.9, 155.0, 136.4, 131.5, 
127.6, 126.0, 110.6, 98.4, 73.7, 54.8, 50.4, 48.0, 43.8, 38.4, 35.9, 33.9, 31.6, 29.6, 26.6, 25.8, 21.6, 13.8; HRMS 





















17 (1.5 eq), Cs2CO3 (10 eq)




27 (retention time: 14.3 min): red oil; IR (neat): 2014 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.19 (d, J = 8.8 Hz, 1H), 
6.71 (d, J = 8.8 Hz, 1H), 5.94 (s, 1H), 4.26 (d, J = 15.1 Hz, 1H), 4.14 (d, J = 15.1 Hz, 1H), 3.81 (s, 3H), 3.06 (dd, J 
= 16.7 Hz, 5.8 Hz, 1H), 2.93-2.84 (m, 1H), 2.51 (dd, J = 18.5 Hz, 8.8 Hz, 1H), 2.39 (br s, 1H), 2.27 (br s, 1H), 2.20-
2.05 (m, 4H), 1.66-1.40 (m, 6H), 0.90 (s, 3H);13C-NMR (100 MHz, CDCl3): d 220.9, 199.8, 155.0, 135.5, 132.5, 
126.7, 124.8, 107.8, 95.9, 73.6, 54.7, 50.5, 47.9, 44.2, 37.7, 35.9, 31.6, 29.8, 27.0, 26.5, 26.1, 21.6, 13.8; HRMS 
(ESI): calcd for C28H26O8Co2Na ([M+Na]+): 631.0184, found: 631.0184. 
 
Functionalization of mestranol (45) using 2,6-di-tert-butylpyridine as a base 
 
The procedure A was followed, employing 2,6-di-tert-butylpyridine instead of Cs2CO3 as a base, with a reaction time 
of 30 min. The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 20) to provide 54 
(36.7 mg, 0.0579 mmol, 58%) and recovered 45 (11.2 mg, 0.0361 mmol, 36%). 
 
54: red oil; IR (neat): 2033 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.21 (d, J = 8.6 Hz, 1H), 6.71 (dd, J = 8.6 Hz, 2.6 
Hz, 1H), 6.63 (d, J = 2.6 Hz, 1H), 5.99 (s, 1H), 4.86 (d, J = 13.0 Hz, 1H), 4.72 (d, J = 13.0 Hz, 1H), 3.78 (s, 3H), 
2.85-2.84 (m, 2H), 2.63 (s, 1H), 2.32-2.24 (m, 3H), 2.12-2.02 (m, 2H), 1.99-1.77 (m, 4H), 1.51-1.35 (m, 4H), 0.93 
(s, 3H); 13C-NMR (100 MHz, CDCl3): d 199.7, 157.4, 137.9, 132.6, 126.4, 113.8, 111.5, 93.3, 85.7, 84.8, 76.1, 70.8, 
65.8, 55.2, 49.4, 47.8, 43.5, 39.2, 36.7, 33.9, 29.8, 27.3, 26.5, 22.9, 12.8;  HRMS (FAB): calcd for C30H29O8Co2 






















17 (1.5 eq), DTBP(10 eq)
CH2Cl2, -20 ºC to 0 ºC, 30 min
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Functionalization of mestranol (45) using Cs2CO3 as a base 
 
The procedure A was followed with a reaction time of 30 min to provide a mixture (36.2 mg) of 52 (0.0266 mmol, 
26%), and 53 (0.0248 mmol, 24%) and a mixture (4.50 mg) of 54 (<1.58 µmmol, <2%), 55 (<0.689 µmmol, <1%), 
and 56 (<0.896 µmol, <1%) containing inseparable and unknown byproduct. The ratio was determined by 1H-NMR. 
In this case, 1.2 equivalent of 17 was added. 
The analytical samples were obtained by extensive silica gel column chromatography separation (AcOEt : hexane = 
1 : 8 to 1 : 4). 
 
52: red oil; IR (neat): 2018 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.07 (s, 1H), 6.56 (s, 1H), 5.99 (s, 1H), 4.07 (s, 2H), 
3.79 (s, 3H), 2.83 (br s, 2H), 2.60 (s, 1H), 2.37-2.30 (m, 2H), 2.20 (br s, 1H), 2.04-1.99 (m, 1H), 1.95-1.67 (m, 5H), 
1.53-1.33 (m, 4H), 0.88 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 199.9, 154.9, 136.6, 132.0, 127.7, 125.9, 110.5, 
98.5, 87.5, 79.9, 74.0, 73.7, 54.7, 49.4, 47.1, 43.4, 39.4, 39.0, 34.0, 32.8, 29.7, 27.3, 26.3, 22.8, 12.6; HRMS (ESI): 
calcd for C30H27O8Co2 ([M-H]-): 633.0364, found: 633.0394. 
 
53: red oil; IR (neat): 2018 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.20 (d, J = 8.7 Hz, 1H), 6.70 (d, J = 8.7 Hz, 1H), 
5.93 (s, 1H), 4.24 (d, J = 15.0 Hz, 1H), 4.13 (d, J = 15.0 Hz, 1H), 3.80 (s, 3H), 3.01 (d, J = 16.8 Hz, 1H), 2.88-2.79 
(m, 1H), 2.60 (br s, 1H), 2.35 (br s, 2H), 2.24 (br s, 1H), 2.06-1.67 (m, 6H), 1.53-1.29 (m, 4H), 0.87 (s, 3H); 13C-
NMR (100 MHz, CDCl3): d 199.8, 154.9, 135.7, 132.9, 126.6, 124.8, 107.7, 96.0, 87.5, 79.9, 74.0, 73.7, 54.7, 49.5, 
47.0, 43.8, 39.0, 38.7, 32.7, 29.8, 27.2, 27.1, 26.6, 22.8, 12.6;  HRMS (ESI): calcd for C30H27O8Co2 ([M-H]-): 
633.0364, found: 633.0388. 
 
A 1 : 1 mixture of 55 and 56: red oil; IR (neat): 2019 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.18 (d, J = 8.7 Hz, 0.5H), 
7.07 (s, 0.5H), 6.70 (d, J = 8.7 Hz, 0.5H), 6.55 (s, 0.5H), 6.00 (s, 1.5H), 5.93 (s, 0.5H), 4.86 (d, J = 13.0 Hz, 1H), 


























17 (1.2 eq), Cs2CO3 (10 eq)











(s, 1.5H), 3.02-2.98 (m, 0.5H), 2.88-2.82 (m, 1.5H), 2.63 (s, 1H), 2.33-2.24 (m, 3H), 2.21-1.99 (m, 3H), 1.88-1.74 
(m, 4H), 1.53-1.33 (m, 4H), 0.93 (s, 1.5H), 0.92 (s, 1.5H); 13C-NMR (100 MHz, CDCl3): d 199.9, 154.87, 154.86, 
136.6, 135.7, 133.0. 132.1, 127.7, 126.6, 125.8, 124.8, 110.5, 107.7, 98.5, 96.0, 93.3, 85.70, 85.67, 84.9, 84.8, 76.1, 
73.7, 70.8, 65.8, 54.75, 54.71, 49.48, 49.42, 47.8, 47.7, 43.8, 43.4, 39.2, 38.5, 36.7, 34.0, 29.7, 27.3, 27.2, 26.7, 26.4, 
22.9, 12.8; HRMS (FAB): calcd for C36H30O11Co4 ([M-3CO]+): 873.9116, found: 873.9118. 
 
Functionalization of veratrol (46) 
 
The procedure A was followed with a reaction time of 1.5 h. The crude was purified by silica gel column 
chromatography (AcOEt : hexane = 1 : 15) to provide  47 (33.8 mg, 0.0731 mmol, 73%), 48 (14.2 mg, 0.0184 mmol, 
18%), and 49 (2.22 mg, 4.80 µmol, 5%). 
 
47: red oil; IR (neat): 2018 cm-1; 1H-NMR (400 MHz, CD3COCD3): δ 6.97, (s, 1H), 6.87 (m, 2H), 6.55 (s, 1H), 4.12 
(s, 2H), 3.81 (s, 3H), 3.76 (s, 3H); 13C-NMR (100 MHz, CD3COCD3): δ 200.9, 150.5, 149.6, 134.3, 121.9, 113.8, 
112.9, 100.5, 75.0, 56.2, 56.0, 40.3; HRMS (EI): calcd for C16H12O7Co2 ([M-CO]+): 433.9247, found: 433.9246. 
 
48: red oil; IR (neat cm-1): 2018 cm-1; 1H-NMR (400 MHz, CDCl3): δ 6.72 (s, 2H), 6.05 (s, 2H), 4.17 (s, 4H), 3.86 
(s, 6H); 13C-NMR (100 MHz, CDCl3): δ 199.4, 148.3, 130.5, 113.4, 96.7, 73.2, 55.9, 37.1; HRMS (EI): calcd for 
C26H14O14Co4 (M+): 785.7712, found: 785.7723.  
 
49: red oil; IR (neat): 2018 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.01 (t, J = 7.9 Hz, 1H), 6.90-6.84 (m, 2H), 6.03 (s, 
1H), 4.11 (s, 2H), 3.87 (s, 3H), 3.86 (s, 3H); 13C-NMR (150 MHz, CDCl3): d 199.7, 152.9, 147.1, 133.9, 123.9, 122.5, 
111.5, 97.2, 73.7, 60.6, 55.8, 34.2; HRMS (EI): calcd for C14H12O5Co2 ([M-3CO]+): 377.9349, found: 377.9329. 
 
Functionalization of 1,3-benzodioxole (57) 
 
The procedure A was followed, employing K2CO3 instead of Cs2CO3 as a base, with a reaction time of 1.5 h. The 
crude was purified by silica gel column chromatography (hexane) to provide 58 (9.94 mg, 0.0223 mmol, 22%). 
 

















17 (1.5 eq), Cs2CO3 (10 eq)








17 (1.5 eq), Cs2CO3 (10 eq)
CH2Cl2, 0 ºC to rt, 1.5 h
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7.5 Hz, 1H), 6.07 (s, 1H), 5.93 (s, 2H), 3.99 (s, 2H); 13C-NMR (100 MHz, CDCl3): d 199.6, 147.7, 146.6, 134.3, 
121.9, 109.2, 108.3, 101.0, 98.3, 73.3, 40.0; HRMS (EI): calcd for C15H8O7Co2 ([M-CO]+): 417.8934, found: 
417.8936. 
 
Functionalization of N-methylindole (59) 
  
The procedure A was followed with a reaction time of 2 h. The crude was purified by silica gel column 
chromatography (hexane) to provide 60 (26.1 mg, 0.0573 mmol, 57%).  
 
60: red oil; IR (neat): 2015 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.63 (d, J = 7.5 Hz, 1H), 7.29 (d, J = 7.5 Hz, 1H), 
7.22 (d, J = 7.5 Hz, 1H), 7.15 (t, J = 7.5 Hz, 1H), 6.94 (s, 1H), 6.05 (s, 1H), 4.27 (s, 2H), 3.75 (s, 3H); 13C-NMR (100 
MHz, CDCl3): d 199.7, 137.0, 127.3, 126.9, 121.8, 119.0, 118.7, 114.1, 109.3, 98.9, 73.6, 32.6, 30.1; HRMS (EI): 
calcd for C16H11NO4Co2 ([M-2CO]+): 398.9352, found: 398.9341. 
 
Functionalization of eugenol (42) 
 
On 0.200 mmol scale, the procedure A was followed, employing K2CO3 instead of Cs2CO3 as a base, with a reaction 
time of 2 h. The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 20 to 1 : 8) to provide 
a mixture of 43 (18.4 mg, 0.0369 mmol, 15%) and 61 (7.23 mg, 14.5 µmol, 7%) and a single product of 44 (15.1 mg, 
0.0303 mmol, 18%). The mixture of 43 and 61 was separated by HPLC (250-20 mm, AcOEt : hexane = 1 : 19, 9.4 
mL/min). 
 
43 (retention time: 19.0 min): red oil; IR (neat): 2020 cm-1; 1H-NMR (400 MHz, CDCl3): d 6.61 (s, 1H), 6.60 (s, 1H), 
6.03 (s, 1H), 5.92 (ddt, J = 16.8 Hz, 10.0 Hz, 6.5Hz, 1H), 5.60 (s, 1H), 5.09-5.04 (m 2H), 4.10 (s, 2H), 3.86 (s, 3H), 
3.30 (d, J = 6.5 Hz, 2H); 13C-NMR (100 MHz, CDCl3): d 199.7, 146.4, 141.9, 137.7, 131.3, 125.9, 122.7, 115.5, 
109.9, 97.3, 73.7, 56.1, 39.9, 33.6;  HRMS (EI): calcd for C18H14O7Co2 ([M-CO]+): 459.9404, found: 459.9400. 
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= 17.0 Hz, 10.3 Hz, 6.4 Hz, 1H), 5.46 (s, 1H), 5.11 (dt, J = 10.3 Hz, 1.4 Hz, 1H), 5.04 (dt, J = 17.0 Hz, 1.4 Hz, 1H), 
4.04 (s, 2H), 3.85 (s, 3H), 3.43 (dd, J = 6.4 Hz, 1.4 Hz, 2H); 13C-NMR (100 MHz, CDCl3): d 199.6, 145.7, 144.1, 
137.2, 131.6, 128.8, 116.1, 115.9, 112.2, 97.1, 73.5, 56.0, 36.82, 36.78; HRMS (ESI): calcd for C19H14O8Co2Na 
([M+Na]+): 510.9245, found: 510.9238. 
 
61 (retention time: 20.7 min): red oil; IR (neat): 2023 cm-1; 1H-NMR (400 MHz, CDCl3): d 6.88 (d, J = 9.0 Hz, 1H), 
6.73 (s, 1H), 6.72 (d, J = 9.0 Hz, 1H), 6.03 (s, 1H), 6.01-5.91 (m, 1H), 5.25 (s, 2H), 5.10-5.06 (m, 2H), 3.81 (s, 3H), 
3.34 (d, J = 6.8 Hz, 2H); 13C-NMR (100 MHz, CDCl3,): d 199.2, 150.2, 145.9, 137.6, 134.1, 120.3, 115.7, 115.1, 
112.9, 89.6, 72.4, 69.7, 55.7, 39.9;  HRMS (EI): calcd for C12H14O2Co2 ([M-6CO]+): 319.9658, found: 319.9637. 
 
Functionalization of N-Boc homoveratrylamine (62) 
 
The procedure A was followed with a reaction time of 30 min. The crude was purified by silica gel column 
chromatography (AcOEt : hexane = 1 : 8) to provide 63 (18.7 mg, 0.0292 mmol, 29%). 
 
63 (a mixture of two rotamers): red oil; IR (neat): 2022 cm-1; 1H-NMR (400 MHz, CDCl3): d 6.82-6.68 (m, 3H), 6.03 
(s, 1H), 4.36 (s, 1H), 3.86 (s, 3H), 3.86 (s, 3H), 3.50-3.46 (m, 2H), 2.86-2.79 (m, 2H), 1.46 (s, 9H); 13C-NMR (100 
MHz, CDCl3): d 199.4, 155.0, 154.5, 149.1, 147.7, 131.6, 120.8, 112.1, 112.0, 111.5, 91.5, 91.1, 80.4, 80.0, 73.3, 
73.0, 55.9, 55.8, 49.5, 49.0, 48.7, 34.7, 33.7, 28.4, 28.3; HRMS (ESI): calcd for C24H25NO10Co2Na ([M+Na]+): 
628.0035, found: 628.0021. 
 
Functionalization of N-Cbz homoveratrylamine (64)  
 
The procedure A was followed with a reaction time of 2 h. The crude was purified by silica gel column 
chromatography (AcOEt : hexane = 1 : 8 to 1 : 2) to provide 65 (11.2 mg, 0.0175 mmol, 18%), 66 (7.28 mg, 0.0114 
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65 (a mixture of two rotamers): red oil; IR (neat): 2024 cm-1; 1H-NMR (400 MHz, CDCl3): δ 7.36 (br s, 5H), 6.80-
6.73 (m, 2H), 6.64 (d, J = 8.3 Hz, 0.5H), 6.57 (s, 0.5H), 6.03 (s, 0.5H), 5.93 (s, 0.5H), 5.18 (s, 1H), 5.14 (s, 1H), 4.41 
(s, 1H). 4.36 (s, 1H), 3.85 (s, 3H), 3.80 (s, 1.5H), 3.75 (s, 1.5H), 3.59-3.56 (m, 2H), 2.88 (t, J = 7.1 Hz, 1H), 2.80 (t, 
J = 7.1 Hz, 1H); 13C-NMR (100 MHz, CDCl3): δ 199.3, 155.9, 155.3, 149.0, 147.7, 136.5, 131.4, 131.2, 128.5, 128.2, 
128.04, 128.0, 120.7, 112.0, 111.8, 111.4, 90.6, 73.0, 72.8, 67.5, 67.3, 55.9, 55.7, 49.8, 49.6, 49.3, 34.8, 33.8; HRMS 
(EI): calcd for C21H23NO10Co2 ([M-6CO]+): 471.0291, found: 471.0293. 
 
66: red oil; IR (neat): 2025 cm-1; 1H-NMR (400 MHz, CDCl3): δ 7.38-7.32 (m, 5H), 6.73 (s, 1H), 6.64 (s, 1H), 6.04 
(s, 1H), 5.11 (s, 2H), 4.81 (br s, 1H), 4.09 (s, 2H), 3.86 (s, 3H), 3.81 (s, 2H), 3.44 (q, J = 7.0 Hz, 2H), 2.87 (t, J = 7.0 
Hz, 2H).13C-NMR (100 MHz, CDCl3): δ 199.6, 156.3, 148.3, 147.7, 136.5, 131.1, 128.5, 128.4, 128.2, 128.1, 113.6, 
112.7, 97.0, 73.3, 66.7, 56.0, 55.9, 42.2, 36.9, 32.7; HRMS (FAB): calcd for C21H23NO4Co2 ([M-6CO]+): 471.0291, 
found: 471.0296. 
 
67 (a mixture of two rotamers): red oil; IR (neat): 2021 cm-1; 1H-NMR (400 MHz, CDCl3): δ 7.36 (br s, 5H), 6.72 (s, 
0.5H), 6.68 (s, 0.5H), 6.64 (s, 0.5H), 6.49 (s, 0.5H), 6.05 (s, 0.5H), 6.04 (s, 0.5H), 5.95 (s, 0.5H), 5.92 (s, 0.5H), 5.17 
(s, 1H). 5.13 (s, 1H), 4.49 (s, 1H), 4.45 (s, 1H), 4.09 (s, 1H) 3.94 (s, 1H), 3.87 (s, 1.5H), 3.85 (s, 1.5H), 3.77 (s, 1.5H), 
3.70 (s, 1.5H), 3.68-3.55 (m, 2H), 2.99-2.88 (m, 2H); 13C-NMR (100 MHz, CDCl3): δ 199.5, 155.8, 155.3, 148.42, 
148.37, 147.8, 136.34, 136.27, 131.2, 130.8, 128.5, 128.4, 128.30, 128.23, 128.20, 128.1, 113.6, 113.5, 112.9, 112.7, 
97.2, 96.9, 90.5, 90.4, 73.34, 73.26, 73.0, 72.8, 67.7, 67.4, 55.8, 49.6, 49.5, 48.9, 36.7, 36.5, 31.7, 30.8, 29.7; HRMS 
(FAB): calcd for C26H25NO6Co4 ([M-10CO]+): 682.9010, found: 682.9001. 
 
Functionalizaiton of N-(3,4-dimethoxyphenethyl)acetamide (20) 
 
The procedure A was followed with a reaction time of 2 h. The crude was purified by PTLC (MeOH : CHCl3 = 1 : 
20) to provide 21 (17.9 mg, 0.0327 mmol, 33%) and recovered 20 (5.44 mg, 0.0243 mmol, 24%). 
 
21: red oil; 1H-NMR (400 MHz, CDCl3): δ 6.74 (s, 1H), 6.66 (s, 1H), 6.07 (s, 1H), 5.55 (br s, 1H), 4.10 (s, 2H), 3.87 
(s, 3H), 3.84 (s, 3H), 3.49 (q, J = 7.2 Hz, 2H), 2.87 (t, J = 7.2 Hz, 2H), 1.97 (s, 3H).13C-NMR (100 MHz, CDCl3): δ 
199.6, 170.0, 148.3, 147.7, 131.1, 128.5, 113.6, 112.7, 96.9, 73.4, 56.1, 55.9, 40.6, 36.9, 32.3, 23.3; HRMS (ESI): 





Functionalization of benzyl (3,4-dimethoxyphenethyl)(methyl)carbamate (68) 
  
The procedure A was followed with a reaction time of 30 min. The crude was purified by silica gel column 
chromatography (AcOEt : hexane = 1 : 8 to 1 : 2) to provide 69 (45.5 mg, 0.0697 mmol, 70%) and 70 (3.09 mg, 4.73 
µmol, 5%).  
 
69 (a mixture of two rotamers): red oil; IR (neat): 2018 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.35-7.30 (m, 5H), 6.72 
(s, 0.5H), 6.67 (s, 1H), 6.52 (s, 0.5H), 6.07 (s, 0.5H), 5.95 (s, 0.5H), 5.13 (s, 1H), 5.10 (s, 1H), 4.13 (s, 1H), 3.97 (s, 
1H), 3.86 (s, 3H), 3.82 (s, 1.5H), 3.74 (s, 1.5H), 3.45 (br s, 2H), 2.93-2.84 (m, 5H); 13C-NMR (100 MHz, CDCl3): 
d 199.8, 156.3, 148.5, 147.9, 137.1, 136.9, 131.2, 131.0, 128.8, 128.7, 128.2, 128.0, 113.7, 113.1, 97.4, 97.2, 73.6, 
67.5, 67.2, 56.2, 56.0, 51.2, 50.8, 37.1, 36.8, 35.3, 34.8, 31.4, 30.9; HRMS (EI): calcd for C22H25NO4Co2 ([M-6CO]+): 
485.0448, found: 485.0462. 
 
70 (a mixture of two rotamers): red oil; IR (neat): 2019 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.38-7.32 (m, 5H), 6.89 
(d, J = 8.2 Hz, 0.5H), 6.79-6.73 (m, 1.5H), 5.98 (s, 0.5H), 5.88 (s, 0.5H), 5.12 (s, 1H), 5.11 (s, 1H), 4.23 (s, 1H), 4.06 
(s, 1H), 3.85 (s, 2H), 3.82 (s, 4H), 3.44 (t, J = 7.6 Hz, 2H), 2.93 (s, 3H), 2.90-2.84 (m, 2H); 13C-NMR (150 MHz, 
CDCl3): d 199.7, 156.0, 151.4, 147.4, 137.0, 136.8, 132.8, 132.5, 129.7, 129.6, 128.5, 128.0, 127.9, 127.8, 125.0, 
111.5, 111.4, 95.9, 95.6, 73.8, 67.2, 67.0, 60.3, 55.8, 51.2, 50.6, 35.0, 34.5, 31.4, 30.9, 30.6; HRMS (ESI) 
C28H25Co2O10NNa ([M+Na]+) calcd for 676.0035, found: 676.0017. 
 
Functionalization of naproxen methyl ester (71) 
  
The procedure A was followed with a reaction time of 30 min. The crude was purified by silica gel column 
chromatography (AcOEt : hexane = 1 : 12) to provide 30 (52.6 mg, 0.0925 mmol, 93%). 
 
30: red oil; IR (neat): 2019, 1738 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.90 (d, J = 8.9 Hz, 1H), 7.75 (d, J = 9.9 Hz, 
1H), 7.68 (s, 1H), 7.48 (d, J = 8.9 Hz, 1H), 7.24 (d, J = 9.9 Hz, 1H), 5.91 (s, 1H), 4.61 (s, 2H), 3.96 (s, 3H), 3.87 (q, 
J = 7.1 Hz, 1H), 3.68 (s, 3H), 1.59 (d, J = 7.1 Hz, 3H); 13C-NMR (100 MHz, CDCl3): d 199.7, 175.1, 154.0, 135.3, 
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C19H18O4Co2 ([M-5CO]+): 427.9869, found: 427.9864. 
 
Functionalization of indometacin methyl ester (72) 
 
The procedure A was followed with a reaction time of 30 min. The crude was purified by silica gel column 
chromatography (AcOEt : hexane = 1 : 25) to provide 73 (35.6 mg, 0.0511 mmol, 51%) and 74 (10.2 mg, 0.0146 
mmol, 15%). 
 
73: red oil; IR (neat): 2020, 1740 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.63 (d, J = 7.8 Hz, 2H), 7.45 (d, J = 7.8 Hz, 
2H), 6.90 (d, J = 9.0 H, 1H), 6.64 (d, J = 9.0 Hz, 1H), 5.91 (s, 1H), 4.55 (s, 2H), 3.90 (s, 2H), 3.83 (s, 3H), 3.70 (s, 
3H), 2.37 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 199.9, 171.7, 168.3, 152.9, 139.5, 137.2, 133.9, 131.7, 131.3, 
129.1, 128.2, 119.4, 113.3, 111.6, 106.9, 96.7, 73.2, 55.6, 52.2, 31.3, 29.5, 13.2; HRMS (ESI): calcd for 
C29H21NO10ClCo2 ([M+H]+): 695.9513, found: 695.9503. 
 
74: red oil; IR (neat): 2019, 1740 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.66 (d, J = 8.3 Hz, 2H), 7.49 (d, J = 8.3 Hz, 
2H), 6.91 (s, 1H), 6.90 (s, 1H), 5.89 (s, 1H), 4.03 (s, 2H), 3.88 (s, 3H), 3.68 (s, 3H), 3.67 (s, 2H), 2.33 (s, 3H); 13C-
NMR (100 MHz, CDCl3): d 199.7, 171.3, 168.4, 153.8, 139.3, 135.2, 131.1, 134.1, 130.3, 129.5, 129.1, 125.1, 116.0, 
112.6, 99.1, 97.9, 73.7, 55.1, 52.1, 34.6, 30.3, 13.4; HRMS (ESI): calcd for C29H20NO10ClCo2Na ([M+Na]+): 
717.9332, found: 717.9320. 
 
Functionalization of compound 75 
 
The procedure A was followed with a reaction time of 30 min. The crude was purified by silica gel column 
chromatography (AcOEt : hexane = 1 : 2) to provide 76 (49.2 mg, 0.0758 mmol, 76%). 
 
76: red oil; IR (neat): 2018, 1647 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.18 (s, 1H), 7.76 (d, J = 8.7 Hz, 1H), 7.35 
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 84 
NMR (100 MHz, CDCl3): d 199.6, 196.4, 152.8, 141.4, 139.2, 134.2, 129.1, 128.6, 126.9, 124.3, 122.7, 116.0, 108.9, 
107.6, 97.8, 73.5, 60.9, 56.3, 32.9, 29.9; HRMS (ESI): calcd for C28H22NO10Co2 ([M+H]+): 649.9902, found: 
649.9902. 
 
Functionalization of rotenone (77) 
 
The procedure A was followed with a reaction time of 30 min. The crude was purified by HPLC (250-20 mm, AcOEt : 
hexane = 3 : 7, 9 mL/min) to provide 78(18.9 mg, 0.0261 mmol, 26%) and 79 (2.11 mg, 2.02 µmol, 2%).  
 
78 (retention time: 8.8 min): red oil; IR (neat): 2017, 1676 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.83 (d, J = 8.4 Hz, 
1H), 6.78 (s, 1H), 6.51 (d, J = 8.4 Hz, 1H), 6.00 (s, 1H), 5.28 (dd, J = 9.9 Hz, 8.0 Hz, 1H), 5.09 (s, 1H), 4.95-4.93 
(m, 2H), 4.66 (dd, J = 11.9 Hz, 2.9 Hz, 1H), 4.17 (d, J = 11.9 Hz, 1H), 4.14 (s, 2H), 3.85 (d, J = 3.9 Hz, 1H), 3.83 (s, 
3H), 3.74 (s, 3H), 3.32 (dd, J = 15.7 Hz, 9.9 Hz, 1H), 3.01 (dd, J = 15.7 Hz, 8.0 Hz, 1H), 1.78 (s, 3H); 13C-NMR 
(100 MHz, CDCl3): d 199.9, 188.8, 167.3, 158.0, 147.7, 147.2, 145.1, 143.0, 130.0, 122.3, 113.4, 112.8, 112.6, 110.8, 
109.0, 104.8, 96.6, 87.8, 73.6, 72.1, 65.9, 60.5, 56.4, 45.0, 31.3, 27.6, 17.1; HRMS (ESI): calcd for C32H25O12Co2 
([M+H]+): 719.0005, found: 718.9995. 
 
79 (retention time: 10.8 min): red oil; IR (neat): 2018, 1677 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.73 (s, 1H), 6.73 
(s, 1H), 6.03 (s, 1H), 5.99 (s, 1H), 5.29 (t, J = 9.2 Hz, 1H), 5.11 (s, 1H), 4.98 (s, 1H), 4.91-4.89 (m, 1H), 4.64 (dd, J 
= 11.8 Hz, 3.1 Hz, 1H), 4.17 (d, J = 12.1 Hz, 1H), 4.14 (s, 2H), 4.07 (d, J = 15.5 Hz, 1H), 3.98 (d, J = 15.5 Hz, 1H), 
3.83 (s, 4H), 3.72 (s, 3H), 3.32 (dd, J = 15.9 Hz, 9.7 Hz, 1H), 3.04 (dd, J = 15.8 Hz, 8.4 Hz, 1H), 1.81 (s, 3H); 13C-
NMR (100 MHz, CDCl3): d 199.8, 188.8, 165.3, 157.1, 147.7, 147.1, 145.1, 142.8, 129.8, 122.3, 117.5, 113.3, 113.03, 
112.98, 110.8, 109.0, 96.7, 96.2, 88.1, 73.67, 73.63, 72.2, 65.9, 60.6, 56.3, 45.1, 33.3, 31.6, 27.6, 17.3; HRMS (ESI): 
calcd for C41H27O18Co4 ([M+H]+): 1042.8520, found: 1042.8508. 
 
Functionalization of xanthotoxin (80) 
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 85 
chromatography (AcOEt : hexane = 1 : 4) to provide 81 (15.1 mg, 0.0280 mmol, 28%) along with recovered 80 (14.5 
mg, 0.0669, 67%) 
 
81: red oil; IR (neat): 2021 1736 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.03 (d, J = 9.8 Hz, 1H), 7.74 (d, J = 2.0 Hz, 
1H), 6.91 (d, J = 2.0 Hz, 1H), 6.47 (d, J = 9.8 Hz, 1H), 5.95 (s, 1H), 4.50 (s, 2H), 4.24 (s, 3H); 13C-NMR (100 MHz, 
CDCl3): d 199.1, 160.0, 147.3, 146.7, 143.9, 140.3, 132.3, 125.9, 123.5, 114.7, 114.1, 105.3, 94.2, 73.0, 61.5, 33.1; 
HRMS (ESI): calcd for C21H11O10Co2 ([M+H]+): 540.9011, found: 540.8994. 
 
Funtionalizaation of estradiol (83) 
 
The procedure A was followed with a reaction time of 30 min. The crude was purified by silica gel column 
chromatography (AcOEt : hexane = 1 : 8) to provide 84 (8.88 mg, 0.0149 mmol, 15%), 85 (13.6 mg, 0.0227 mmol, 
23%), 86 (15.3 mg, 0.0166 mmol, 17%) and recovered 83 (8.90 mg, 0.0327 mmol, 33%). In this case, starting material 
83 was dissolved in 5 ml of CH2Cl2 (0.02 M) and added. 
 
84: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CD3COCD3): d 8.15 (s, 1H), 7.11 (s, 1H), 6.57 (s, 1H), 6.40 
(s, 1H), 4.17 (d, J = 15.0 Hz, 1H), 4.10 (d, J = 15.0 Hz, 1H), 3.65 (br s, 1H), 3.58 (br s, 1H), 2.30 (br s, 1H), 2.12-
1.95 (m, 3H), 1.83 (br s, 1H), 1.64 (br s, 1H), 1.46-1.19 (m, 10H), 0.76 (s, 3H); HRMS (ESI): calcd for C27H25O8Co2 
([M-H]-): 595.0208, found: 595.0211. 
 
85: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CD3COCD3): d 8.25 (br s, 1H), 7.04 (d, J = 8.2 Hz, 1H), 6.69 
(d, J = 8.2 Hz, 1H), 6.37 (s, 1H), 4.28 (d, J = 14.7 Hz, 1H), 4.22 (d, J = 14.7 Hz, 1H), 3.66 (br s, 1H), 3.57 (br s, 1H), 
3.03 (br s. 1H), 2.25 (brs, 1H), 2.13 (br s, 1H), 1.95 (br s, 4H), 1.48-1.19 (m, 8H), 0.75 (s, 3H); HRMS (ESI): calcd 
for C27H25O8Co2 ([M-H]-): 595.0208, found: 595.0224. 
 
86: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.02 (s, 1H), 6.04 (s, 1H), 5.98 (s, 1H), 4.80 (s, 1H), 
4.18 (s, 2H), 4.13 (d, J = 16.1 Hz, 1H), 4.06 (d, J = 16.1 Hz, 1H), 3.73 (br d, J = 5.9 Hz, 1H), 2.94 (br d, J = 16.1 Hz, 
1H), 2.81 (dd, J = 15.9 Hz, 10.5 Hz, 1H), 2.28 (br d, J = 11.2 Hz, 1H), 2.15 (br s, 2H), 1.95 (br d, J = 10.7 Hz , 2H), 
1.70 (br s, 1H), 1.49-1.19 (m, 10H), 0.76 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 199.5, 149.2, 134.7, 133.6, 126.3, 
125.2, 123.8, 95.6, 94.1, 81.9, 73.6, 72.9, 50.0, 44.1, 43.2, 38.1, 36.7, 35.3, 30.6, 27.2, 26.4, 23.1, 11.0; HRMS (ESI): 
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Functionalization of podophyllotoxin (87) 
 
The procedure A was followed with a reaction time of 10 min. The crude was purified by silica gel column 
chromatography (AcOEt : hexane = 1 : 8) to provide 88 (20.4 mg, 0.0276 mmol, 28%). 
 
88: red oil; IR (neat): 2029, 1780 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.07 (s, 1H), 6.52 (s, 1H), 6.37 (s, 2H), 6.08 
(s, 1H), 5.98 (d, J = 1.0 Hz, 1H), 5.96 (d, J = 1.0 Hz, 1H), 4.82 (d, J = 10.7 Hz, 1H), 4.77 (d, J = 12.1 Hz, 1H), 4.69 
(d, J = 12.1 Hz, 1H), 4.62-4.58 (m, 2H), 4.16 (t, J = 9.7 Hz, 1H), 3.81 (s, 3H), 3.72 (s, 6H), 3.04-2.95 (m, 1H), 2.87 
(dd, J = 14.2 Hz, 4.6 Hz, 1H); 13C-NMR (100 MHz, CDCl3): d 199.3, 173.9, 152.6, 147.9, 147.7, 137.0, 135.3, 131.8, 
130.3, 109.7, 107.9, 106.8, 101.5, 90.3, 78.0, 71.4, 71.2, 68.7, 60.7, 55.9, 45.5, 43.9, 37.8; HRMS (ESI): calcd for 
C31H25O14Co2 ([M+H]+): 738.9903, found: 738.9888. 
 
Functionalization of podophyllotoxin TBS ester (89) 
 
 
On 48.8 µmol scale, The procedure A was followed with a reaction time of 30 min. The crude was purified by silica 
gel column chromatography (AcOEt : hexane = 1 : 2) to provide 90 (8.05 mg, 8.86 µmol, 19%). 
 
90: red oil; IR (neat): 2019, 1782 cm-1; 1H-NMR (600 MHz, CDCl3): d 6.96 (s, 1H), 6.39 (s, 1H), 6.061 (s, 1H), 6.055 
(s, 1H), 5.98 (s, 1H), 5.97 (s, 1H), 4.93 (d, J = 9.6 Hz, 1H), 4.91 (s, 1H), 4.81 (d, J = 9.6 Hz, 1H), 4.55 (t, J = 7.5 Hz, 
1H), 4.43 (d, J = 15.7 Hz, 1H), 4.00 (dt, J = 11.1 Hz, J = 8.6 Hz, 1H), 3.90 (s, 3H), 3.79 (s, 3H), 3.58 (s, 3H), 3.11-
3.01 (m, 1H), 2.98-2.89 (m, 1H), 0.97 (s, 9H), 0.30 (s, 1H), 0.14 (s, 3H); 13C-NMR (150 MHz, CDCl3): d 173.7, 
151.9, 151.8, 147.5, 147.3, 141.4, 133.64, 133.60, 132.1, 127.8, 110.8, 109.0, 106.6, 101.4, 96.8, 72.7, 72.3, 71.5, 
60.5, 60.4, 55.8, 44.9, 40.9, 39.5, 31.5, 25.8, 18.0, -3.8, -4.1;  HRMS (FAB): calcd for C32H38O9Co2 ([M-5CO]+): 






















17 (1.5 eq), Cs2CO3 (10 eq)






















00 (1.5 eq), Cs2CO3 (10 eq)




Functionalization of colchicine (91) 
 
On 0.05 mmol scale, the procedure B was followed with a reaction time of 1 h. The crude was purified by silica gel 
column chromatography (MeOH : CHCl3 = 1 : 40) to provide 92 (2.83 mg, 3.91 µmol, 8%) and recovered 91 (15.7 
mg, 0.0392 mmol, 79%). 
 
92: red oil; IR (neat): 2022, 1670 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.56 (br s, 1H), 7.54 (s, 1H), 7.21 (d, J = 10.7, 
1H), 6.85 (d, J = 10.7 Hz, 1H), 5.93 (s, 1H), 4.66-4.60 (m, 1H), 4.32 (d, J = 13.4 Hz, 1H), 4.00 (s, 6H), 3.92 (d, J = 
13.4 Hz, 1H), 3.91 (s, 3H), 3.61 (s, 3H), 2.90-2.88 (m, 1H), 2.27-2.25 (m, 2H), 2.00 (s, 3H), 1.90-1.87 (m, 1H); 13C-
NMR (100 MHz, CDCl3): d 199.7, 179.6, 170.1, 164.2, 152.1, 151.6, 150.5, 145.5, 136.7, 135.6, 132.1, 130.2, 129.4, 
126.6, 112.7, 96.2, 96.1, 73.4, 61.4, 60.9, 60.7, 56.4, 52.5, 35.9, 30.3, 25.5, 22.9; HRMS (ESI): calcd for 
C31H27NO12Co2Na ([M+Na]+): 746.0089, found: 746.0067. 
 
Functionalization of papaverine (11) 
 
The procedure C was followed with a reaction time of 4 h. The crude was purified by silica gel column 
chromatography (AcOEt : hexane = 1 : 1 to MeOH : CHCl3 = 1 : 4) to provide 93 (2.71 mg, 4.09 µmol, 4%), 94 (46.8 
mg, 0.0623 mmol, 62%) and recovered 8 (2.33 mg, 6.87 µmol, 7%). 
 
93: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CD3COCD3): δ 8.24 (d, J = 5.6 Hz, 1H), 7.54 (s, 1H), 7.51 (d, 
J = 5.6 Hz, 1H), 7.30 (s, 1H), 6.94 (s, 1H), 6.81 (s, 1H), 6.48 (s, 1H), 4.72 (s, 2H), 4.40 (s, 2H), 3.97 (s, 3H), 3.91 (s, 
3H), 3.80 (s, 3H), 3.61 (s, 3H); 13C-NMR (100 MHz, CD3COCD3): δ 200.9, 158.6, 153.6, 151.1, 149.3, 148.9, 141.6, 
134.2, 132.8, 131.0, 123.8, 119.3, 115.3, 106.4, 104.8, 99.1, 75.0, 56.2, 56.0, 39.9, 38.2; HRMS (FAB): calcd for 
C29H24NO10Co2 ([M+H]+) calcd for 664.0059, found: 664.0067. 
 
94: red oil; IR (neat): 2032 cm-1; 1H-NMR (400 MHz, CDCl3): δ 8.79 (d, J = 6.6 Hz, 1H), 8.41 (d, J = 6.6 Hz, 1H), 
















17 (3.0 eq), Cs2CO3 (10 eq)

























6.31 (s, 2H), 5.26 (s, 2H). 4.15 (s, 3H), 4.01 (s, 3H), 3.75 (s, 3H), 3.71 (s, 3H); 13C-NMR (100 MHz, CDCl3): δ 199.6, 
159.2, 155.5, 154.6, 151.1, 150.0, 137.8, 136.2, 128.5, 125.5, 124.3, 120.9, 113.3, 113.1, 107.4, 106.9, 87.5, 75.9, 
60.3, 57.5, 57.0, 56.2, 56.1, 35.2; HRMS (FAB): calcd for C29H24NO10Co2 (M+): 664.0059, found: 664.0067. 
 
Decomplexation of dicobalt hexacarbonyl complexes 
Standard procedure: To a solution of cobalt complex in MeCN (0.01 M) was added TEMPO+BF4- (0.5 eq. × 8 or 
9) every 5 min at - 40 °C. After completion of the reaction, the reaction was quenched with sat. NaHCO3 (2 mL) and 
extracted with AcOEt (4 mL × 3). The combined organic layers were washed with brine, dried over MgSO4, filtered, 
and concentrated in vacuo. The residue was purified by silica gel column chromatography. 
 
Decomplexation of eugenol analog 42 
 
On 0.0234 mmol scale, the standard procedure was followed with TEMPO+BF4- (total 25.23 mg, 0.104 mmol) and a 
reaction time of 45 min. The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 4) to 
provide 96 (4.05 mg, 0.0200 mmol, 86%). 
 
96: colorless oil; IR (neat): 3294, 2054 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.06 (s, 1H), 6.66 (s, 1H), 5.93 (ddt, J 
= 16.9 Hz, 10.2 Hz, 6.3 Hz, 1H), 5.46 (s, 1H), 5.06 (dd, J = 10.2 Hz, 1.4 Hz, 1H), 4.99 (dd, J = 16.9 Hz, 1.4 Hz, 1H), 
3.87 (s, 3H), 3.46 (d, J = 2.4 Hz, 2H), 3.35 (d, J = 6.3 Hz, 2H), 2.15 (t, J = 2.4 Hz, 1H); 13C-NMR (100 MHz, CDCl3): 
d 145.4, 144.1, 136.6, 128.8, 127.2, 115.8, 115.1, 112.3, 82.1, 70.4, 56.0, 36.8, 21.7; HRMS (EI): calcd for C13H14O2 
(M+): 202.0994, found: 202.0986. 
 
Decomplexation of 1-methylindole analog 60 
 
On 26.1 mg (0.0573 mmol) scale, the standard procedure was followed with TEMPO+BF4- (total 63.7 mg, 0.262 
mmol) and a reaction time of 45 min. The crude was purified by silica gel column chromatography (hexane) to 
provide 97 (6.96 mg, 0.0441 mmol, 72%). 
 
97: yellow oil; IR (neat): 3292 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.62 (d, J = 7.5 Hz, 1H), 7.30 (d, J = 7.5 Hz, 
1H), 7.24 (d, J = 7.5 Hz, 1H), 7.13 (t, J = 7.5 Hz, 1H), 7.04 (s, 1H), 3.76 (s, 3H), 3.69 (d, J = 2.6 Hz, 2H), 2.13 (t, J 








32.7, 15.1; HRMS (ESI): calcd for C12H11N ([M+H]+): 169.0892, found: 169.0885. 
 
Decomplexation of eugenol analog 44 
 
On 13.1 mg (0.0263 mmol) scale, the standard procedure was followed with TEMPO+BF4- (total 25.3 mg, 0.104 
mmol) and a reaction time of 40 min. The crude was purified by silica gel column chromatography (CH2Cl2 : hexane 
= 1 : 4) to provide 98 (3.01 mg, 0.0149 mmol, 58%) and recovered 44 (1.27 mg, 2.55 µmol, 10%). 
 
98: colorless oil; IR (neat): 3307, 2120 cm-1; 1H-NMR (400 MHz, CDCl3): d 6.89 (d, J = 3.0 Hz, 1H), 6.61 (d, J = 
3.0 Hz, 1H), 5.96 (ddt, J = 16.8 Hz, 10.0 Hz, 6.5 Hz, 1H), 5.62 (s, 1H), 5.11-5.05 (m, 2H), 3.87 (s, 3H), 3.58 (d, J = 
2.8 Hz, 2H), 3.33 (d, J = 6.5 Hz, 2H), 2.15 (t, J = 2.8 Hz, 1H); 13C-NMR (100 MHz, CDCl3): d 146.1, 141.3, 137.8, 
131.4, 121.7, 121.1, 115.6, 109.7, 81.9, 69.9, 56.1, 40.0, 18.8; HRMS (ESI): calcd for C13H15O2 ([M+H]+): 203.1067, 
found: 203.1068. 
 
Decomplexation of N-Cbz, homoveratrylamine analog 69 
 
On 44.6 mg (0.0683 mmol) scale, the standard procedure was followed with TEMPO+BF4- (total 74.5 mg, 0.306 
mmol) and a reaction time of 45 min. The crude was purified by silica gel column chromatography (AcOEt : hexane 
= 1 : 1) to provide 99 (20.4 mg, 0.0555 mmol, 81%).  
 
99: colorless oil; IR (neat): 3286 cm-1; 1H-NMR (400 MHz, CD3SOCD3): d 7.36-7.30 (m, 5H), 6.97 (s, 1H), 6.72 (s, 
1H), 5.06 (s, 2H), 3.74 (s, 1H), 3.70 (s, 3H), 3.49 (d, J = 2.5 Hz, 2H), 3.42 (t, J = 7.5 Hz, 2H), 2.86 (s, 3H), 2.78 (t, 
J = 7.5 Hz, 2H), 2.78 (t, J = 2.5 Hz, 1H); 13C-NMR (100 MHz, CD3SOCD3): d 154.9, 147.7, 147.3, 136.6, 128.8, 
127.8, 127.1, 126.9, 126.6, 114.5, 113.8, 82.2, 71.7, 65.7, 55.7, 48.8, 40.1, 33.8, 29.6, 20.7; HRMS (EI): calcd for 
















Decomplexation of naproxen methyl ester analog 30 
 
On 40.1 mg (0.0706 mmol) scale, the standard procedure was followed with TEMPO+BF4- (total 62.2 mg, 0.285 
mmol) and a reaction time of 40 min. The crude was purified by silica gel column chromatography (AcOEt : hexane 
= 1 : 20) to provide 100 (18.2 mg, 0.0643 mmol, 91%). 
 
100: colorless oil; IR (neat): 3290 cm-1; 1H-NMR (600 MHz, CDCl3): d 8.02 (d, J = 8.9 Hz, 1H), 7.75 (d, J = 7.9 Hz, 
1H), 7.69 (s, 1H), 7.50 (d, J = 8.9 Hz, 1H), 7.26 (d, J = 7.9 Hz, 1H), 3.97 (d, J = 2.3 Hz, 1H), 3.97 (s, 3H), 3.87 (q, J 
= 7.0 Hz, 1H), 3.67 (s, 3H), 1.97 (t, J = 2.3 Hz, 1H), 1.58 (d, J = 7.0 Hz, 3H); 13C-NMR (150 MHz, CDCl3): d 175.0, 
154.0, 135.6, 131.8, 129.3, 128.8, 126.7, 123.8, 117.5, 113.9, 82.8, 67.9, 56.8, 52.0, 45.2, 18.5, 14.4; HRMS (ESI): 
calcd for C18H19O3 ([M+H]+): 283.1329, found: 283.1324. 
 
Decomplexation of indomethacin methyl ester analog 74 
 
On 10.4 mg (0.0149 mmol) scale, the standard procedure was followed with TEMPO+BF4- (total 15.9 mg, 0.0656 
mmol) and a reaction time of 40 min to provide 101 (4.42 mg, 0.0108 mmol, 72%). 
 
101: colorless oil; IR (neat): 3301, 1738 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.67 (d, J = 8.7 Hz, 2H), 7.48 (d, J = 
8.7 Hz, 2H), 7.01 (s, 1H), 6.89 (s, 1H), 3.87 (s, 3H), 3.70 (s, 3H), 3.68 (s, 2H), 3.49 (d, J = 2.6 Hz, 2H), 2.46 (s, 3H), 
1.97 (t, J = 2.6 Hz, 1H); 13C-NMR (100 MHz, CDCl3): d 171.4, 168.4, 153.4, 139.0, 135.5, 134.0, 131.1, 130.2, 
129.14, 129.08, 120.7. 114.7, 112.5, 98.7, 81.5, 70.6, 55.7, 52.1, 30.2, 19.7, 13.3; HRMS (ESI): calcd for C23H21NO-


















Decomplexation of 76 
 
On 49.2 mg (0.0758 mmol) scale, the standard procedure was followed with TEMPO+BF4- (total 84.1 mg, 0.346 
mmol) and a reaction time of 45 min to provide 102 (25.6 mg, 0.0704 mmol, 93%). 
 
102: white amorphous; IR (neat): 3285, 1644 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.16 (d, J = 1.4 Hz, 1H), 7.80 
(dd, J = 8.7 Hz, 1.4 Hz, 1H), 7.37 (d, J = 8.7 Hz, 1H), 7.13 (s, 1H), 7.10 (s, 2H), 3.95 (s, 3H), 3.88 (s, 6H), 3.82 (s, 
3H), 3.70 (d, J = 2.6 Hz, 2H), 2.13 (t, 2.6 Hz, 1H); 13C-NMR (100 MHz, CDCl3): d 196.2, 152.8, 141.4, 139.4, 134.1, 
129.0, 128.4, 126.3, 124.2, 122.9, 111.5, 109.1, 107.7, 82.0, 69.3, 61.0, 56.3, 32.9, 15.1; HRMS (EI): calcd for 
C22H21NO4 (M+): 363.1471, found 363.1485. 
 
Decomplexation of mestranol analog 53 
 
On 0.208 mmol scale, the standard procedure was followed with TEMPO+BF4- (total 22. 7 mg, 0.093 mmol) and a 
reaction time of 45 min. The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 8 to 1 : 
4) to provide 103 (6.83 mg, 0.0196 mmol, 94%). 
 
103: colorless oil; IR (neat): 3301 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.22 (d, J = 8.5 Hz, 1H), 6.76 (d, J = 8.5 Hz, 
1H), 3.84 (s, 3H), 3.55 (s, 2H), 3.02 (dd, J = 17.4 Hz, 4.8 Hz, 1H), 2.89-2.80 (m, 1H), 2.61 (s, 1H), 2.39-2.23 (m, 
3H), 2.04-1.66 (m, 8H), 1.56-1.33 (m, 5H), 0.88 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 154.8, 136.5, 133.2, 124.9, 
122.9, 108.5, 87.6, 82.5, 79.9, 74.0, 67.0, 55.9, 49.5, 47.0, 43.8, 39.0, 38.6, 32.8, 27.3, 26.7, 26.6, 22.8, 14.9, 12.6; 




















Decomplexation of mestranol analog 54 
 
On 32.5 mg (0.0511 mmol) scale, the standard procedure was followed with TEMPO+BF4- (total 59.0 mg, 0.243 
mmol) and a reaction time of 45 min. The crude was purified by silica gel column chromatography (CH2Cl2 : hexane 
= 1 : 4) to provide 104 (15.1 mg, 0.0434 mmol, 85%). 
 
104: colorless oil; IR (neat): 3288 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.20 (d, J = 8.4 Hz, 1H), 6.71 (dd, J = 8.4 
Hz, 2.2 Hz, 1H), 6.63 (s, 1H), 4.34 (s, 2H), 3.77 (s, 3H), 2.87-2.84 (m, 2H), 2.67 (s, 1H), 2.43 (s, 1H), 2.35-2.25 (m, 
3H), 2.22-2.09 (m, 1H), 2.02-1.94 (m, 1H), 1.88-1.71 (m, 4H), 1.54-1.30 (m, 4H), 0.92 (s, 3H); 13C-NMR (100 MHz, 
CDCl3): d 157.4, 137.9, 132.5, 126.3, 113.8, 111.5, 86.1, 83.9, 80.8, 76.8, 73.5, 55.2, 53.9, 49.4, 47.7, 43.4, 39.2, 
37.1, 33.9, 29.8, 27.2, 26.5, 22.8, 12.8; HRMS (ESI): calcd for C24H29O2 ([M+H]+): 349.2162, found: 349.2159. 
 
Decomplexation of estradiol analog 85 
 
On 19.0 mg (0.0318 mmol) scale, the standard procedure was followed with TEMPO+BF4- (total 31.9 mg, 0.131 
mmol) and a reaction time of 45 min. The crude was purified by silica gel column chromatography (AcOEt : hexane 
= 1 : 4 to 1 : 2) to provide 105 (7.13 mg, 0.0230 mmol, 72%). 
 
105: colorless oil; IR (neat): 3305, 2115 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.12 (d, J = 8.3 Hz, 1H), 6.67 (d, J = 
8.3 Hz, 1H), 5.23 (br s, 1H), 3.74 (t, J = 8.3 Hz, 1H), 3.55 (d, J = 2.4 Hz, 1H), 2.99-2.93 (m, 1H), 2.85-2.81 (m, 1H), 
2.33-2.27 (m, 1H), 2.23-2.10 (m, 2H), 2.02 (t, J = 2.4 Hz, 1H), 2.00-1.92 (m, 2H), 1.75-1.68 (m, 1H), 1.54-1.14 (m, 
7H), 0.77 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 151.3, 136.2, 133.5, 125.1, 120.8, 113.3, 81.9, 81.8, 68.4, 50.0, 


















Decomplexation of estradiol analog 84 
 
On 15.43 mg (0.0260 mmol) scale, the standard procedure was followed with TEMPO+BF4- (total 30.5 mg, 0.125 
mmol) and a reaction time of 45 min. The crude was purified by silica gel column chromatography (AcOEt : hexane 
= 1 : 8 to 1 : 4) to provide 106 (2.68 mg, 8.63 µmol, 33%) and recovered 84 (4.03 mg, 6.76 µmol, 26%). 
 
106: colorless oil; IR (neat): 3306 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.22 (s, 1H), 6.54 (s, 1H), 5.12 (br s, 1H), 
3.73 (t, J = 8.5 Hz, 1H), 3.54 (d, J = 2.8 Hz, 2H), 2.82-2.78 (m, 2H), 2.35-2.31 (m, 1H), 2.22 (t, J = 2.8 Hz, 1H), 
2.17-2.07 (m, 2H), 1.98-1.93 (m, 1H), 1.88-1.84 (m, 1H), 1.73-1.66 (m, 1H), 1.52-1.15 (m, 8H), 0.78 (s, 3H); 13C-
NMR (100 MHz, CDCl3): d 151.3, 137.0, 133.0, 126.5, 119.5, 115.9, 81.9, 81.6, 70.9, 50.0, 44.0, 43.3, 38.8, 36.7, 
30.6, 29.7, 29.2, 27.2, 26.4, 23.1, 19.8, 11.0; HRMS (ESI): calcd for C21H25O2 ([M-H]-): 309.1849, found: 309.1860. 
 
Decomplexation of N-Cbz, methyl homoveratrilamine 70 
 
On 8.73 mg (0.0133 mmol) scale, the standard procedure was followed with TEMPO (13.0 mg, 0.0535 mmol) and a 
reaction time of 40 min. The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 4 to 1 : 
1) to provide E1 (3.86 mg, 0.0105 mmol, 79%). 
 
E1: colorless oil; IR (neat): 3289 cm-1; 1H-NMR (400 MHz, CD3SOCD3): d 7.36-7.30 (m, 5H), 7.36 (d, J = 8.6 Hz, 
1H), 7.31 (d, J = 8.6 Hz, 1H), 5.07 (s, 2H), 3.79 (s, 3H), 3.77 (s, 3H), 3.51 (d, J = 2.7 Hz, 2H), 3.44 (t, J = 7.8 Hz, 
2H), 2.86 (s, 3H), 2.84 (t, J = 7.8 Hz, 2H), 2.60 (t, J = 2.7 Hz, 1H); 13C-NMR (100 MHz, CD3SOCD3): d 154.9. 
150.6, 146.6, 136.7, 129.6, 128.7, 127.8, 127.1, 126.9, 124.4, 111.8, 82.6, 69.7, 65.7, 59.7, 55.5, 49.1, 33.8, 29.8, 




















Preparation of substrates 
Synthesis of benzyl (3,4-dimethoxyphenethyl)(methyl)carbamate (68) 
 
Benzyl (3,4-dimethoxyphenethyl)carbamate (64) 
To a solution of homoveratrylamine (22) (0.9 ml, 5.44 mmol) in THF (14 ml) and 1M NaOH aq. (14 ml) was added 
CbzCl (0.85 ml, 6.03 mmol) at 0 °C. The reaction mixture was allowed to warm to room temperature and stirred for 
9.5 h. The reaction mixture was dilutied with water (10 ml) and extracted with Et2O (20 ml × 2), washed with brine 
and dried over MgSO4 The organic layer was concentrated under vacuum and purified with column chromatography 
on silica gel (AcOEt : Hexane = 1 : 1) to give carbamate 64 (1.54 g, 4.88 mmol, 90%). 
 
64: white solid; IR (solid): 3331 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.38-7.30 (m, 5H), 6.80 (d, J = 8.2 Hz, 1H), 
6.73-6.70 (m, 2H), 5.10 (s, 2H), 4.75 (br s, 1H), 3.86 (s, 3H), 3.84 (s, 3H), 3.44 (q, J = 6.5 Hz, 2H), 2.76 (t, J = 6.5 
Hz, 2H); 13C-NMR (100 MHz, CDCl3): d 156.3, 149.0, 147.7, 136.5, 131.1, 128.5, 128.1, 126.9, 120.6, 111.9, 111.3, 
66.6, 55.9, 55.8, 42.3, 35.6; HRMS (ESI): calcd for C18H21O4NNa ([M+Na]+): 338.1363, found 338.1357. 
 
Benzyl (3,4-dimethoxyphenethyl)(methyl)carbamate (68) 
To a solution of carbamate 64 (1.00g, 3.17 mmol) in THF (16 ml) was added 60% NaH (387 mg, 9.68 mmol) at 0 °C 
and stirred for 30 min at room temperature. The reaction mixture was cooled at 0 °C and added MeI (0.5 ml, 0.80 
mmol). The reaction mixture was allowed to warm to room temperature and stirred for 3.5 h. The solution was 
quenched with sat. NH4Cl (5 ml) and extracted with Et2O (20 ml × 2), washed with brine and dried over Mg2SO4. 
The organic layer was concentrated under vacuum and purified with column chromatography on silica gel (AcOEt : 
hexane = 1 : 1) to give 68 (998 mg, 3.03 mm, 95%) as a yellow oil. 
 
68: yellow oil; IR (neat): 1700 cm-1; 1H-NMR (400 MHz, CD3SOCD3): d 7.35-7.30 (m, 5H), 6.84 (d, J = 8.2 Hz, 
1H), 6.77 (s, 1H), 6.79 (d, J = 8.2 Hz, 1H), 5.04 (s, 2H), 3.73 (s, 3H), 3.72 (s, 3H), 3.46 (t, J = 7.2 Hz, 2H), 2.83 (s, 
3H), 2.73 (t, J = 7.2 Hz, 2H); 13C-NMR (100 MHz, CD3SOCD3): d 154.9, 148.8, 147.4, 136.7, 131.4, 127.7, 127.1, 
126.8, 120.4, 113.3, 112.7, 65.6, 56.0, 55.5, 49.5, 33.7, 32.6; HRMS (ESI): calcd for C19H23O4N ([M+H]+): 352.1519, 
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2-1. Synthesis of reagent 29 
 
Methyl 2-(hex-1-yn-1-yl)benzoate (116) 
To a solution of methyl 2-iodobenzoate (524 mg, 2.00 mmol) and 1-hexyne (0.28 mL, 2.44 mmol) in Et3N (6.0 mL) 
was added Pd(PPh3)2Cl2 (28.0 mg, 39.9 µmol) and CuI (8.97 mg, 47.0 µmol) at room temperature. The reaction 
mixture was stirred at the same temperature for 24 h, then concentrated under vacuo. CH2Cl2 (30 mL) was added to 
the residue, and the organic layer was washed with water and brine, dried over MgSO4, filtered, and concentrated 
under vacuo. The residue was purified by column chromatography on silica gel (AcOEt : Hexane = 1 : 20) to give 
alkyne 116 (385 mg, 1.78 mmol, 89%).  
 
2-(Hex-1-yn-1-yl)benzoic acid (117) 
To a solution of benzoate 116 (1.27 g, 5.89 mmol) in MeOH (25 mL) was added 1 M NaOH (25 mL) at room 
temperature. The reaction mixture was stirred at the same temperature for 5.5 h. The mixture was poured into 1 M 
HCl (30 mL), and extracted with Et2O (40 mL × 2). The combined organic layers were washed with brine, dried over 
MgSO4, filtered, and concentrated under vacuo. The residue was purified by column chromatography on silica gel 
(AcOEt : Hexane = 1 : 1) to give benzoic acid 117 (1.18 g, mmol, 99%).  
 
Reagent 29 
To a solution of benzoic acid 117 (296 mg, 1.46 mmol) in CH2Cl2 (4.8 mL) was added (COCl)2 (150 µL, 1.75 mmol) 
and DMF (10 µL, 0.13 µmol) at room temperature. The reaction mixture was stirred at the same temperature for 1 h. 
The reaction mixture was concentrated under vacuo. To the residue was added CH2Cl2 (7.3 mL), pyridine (1.2 mL), 
and alkyne cobalt complex 16 (370 mg, 1.10 mmol) at room temperature. The reaction mixture was stirred at the 
same temperature for 2 h. The reaction mixture was quenched with water (4 mL) and extracted with CH2Cl2 (10 mL 
× 2). The combined organic layers were dried over MgSO4, filtered, and concentrated in vacuo. The residue was 
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82% from 16). 
 
29: red oil; IR (neat): 2022 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.97 (d, J = 7.6 Hz, 1H), 7.53 (d, J = 7.6 Hz, 1H), 
7.43 (td, J = 7.6, 1.0 Hz, 1H), 7.30 (t, J = 7.6 Hz, 1H), 6.12 (s, 1H), 5.52 (s, 2H), 2.50 (t, J = 7.1 Hz, 2H), 1.69-1.58 
(m, 2H), 1.58-1.45 (m, 2H), 0.96 (t, J = 7.3 Hz, 3H); 13C-NMR (100 MHz, CDCl3): d 199.1, 165.6, 134.5, 131.8, 
131.0, 130.1, 127.1, 125.2, 96.5, 88.7, 79.3, 72.2, 65.4, 30.8, 22.1, 19.6, 13.7; HRMS (ESI): calcd for C22H16O8Co2Na 
([M+Na]+): 548.9401, found 548.9393. 
 
2-2. Synthesis of reagent 122 
 
Methyl 2-((trimethylsilyl)ethynyl)benzoate (123)  
To a solution of methyl 2-iodobenzoate (5.24 g, 20.0 mmol) and TMS acetylene (3.39 mL, 24.0 mmol) in Et3N (60 
mL) was added Pd(PPh3)2Cl2 (14.0 mg, 0.02 mmol) and CuI (3.8 mg, 0.02 mmol) at room temperature. The reaction 
mixture was stirred at the same temperature overnight and concentrated under vacuo. To the residue was added 
CH2Cl2 (30 mL) and the organic layer was washed with saturated aqueous .NH4Cl (30 mL), dried over MgSO4, and 
filtered. The filtrate was concentrated under vacuo and purified by column chromatography on silica gel (AcOEt : 
hexane = 1 : 30) to give alkyne 123 (5.14 g, quant.). Characterization data were in agreement with previously reported 
values.3 
 
2-Ethynylbenzoic acid (124) 
To a solution of benzoate 123 (996 mg, 4.29 mmol) in MeOH (18 mL) was added 1 M NaOH (18 mL) at room 
temperature. The reaction mixture was stirred at the same temperature for 3 h. The mixture was poured into conc. 
HCl (4 mL), and extracted with Et2O (30 mL × 3). The combined organic layers were washed with brine, dried over 
MgSO4, and filtered. The filtrate was concentrated under vacuo and purified by column chromatography on silica gel 
(AcOEt : hexane = 4 : 1 to 1 : 1) to give benzoic acid 124 (412 mg, 2.82 mmol, 66%). Characterization data were in 
agreement with previously reported values.4 
 
Reagent 122 













TMS acetylene (1.2 eq.)
Pd(PPh3)2Cl2 (2 mol%)
CuI (2mol %)






1. (COCl)2 (1.2 eq.), DMF (cat.)
    CH2Cl2, rt, 1 h
2. 2 (0.75 eq.), pyridine (10 eq.)





and DMF (10 µL, 0.13 µmol) at room temperature. The reaction mixture was stirred at the same temperature for 1 h. 
The reaction mixture was concentrated in vacuo. To the residue was added CH2Cl2 (10 mL), pyridine (1.6 mL) and 
alkyne cobalt complex 16 (345 mg, 1.01 mmol) at room temperature. The reaction mixture was stirred at the same 
temperature for 2 h. The reaction mixture was quenched with water (10 mL) and extracted with CH2Cl2 (10 mL × 3). 
The combined organic layers were dried over MgSO4, filtered, and concentrated in vacuo. The residue was purified 
by silica gel column chromatography (AcOEt : Hexane = 1 : 20) to give complex 122 (395 mg, 0.830 mmol, 82% 
from 16). 
 
122: red oil; IR (neat): 2036 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.03 (d, J = 7.4 Hz, 1H), 7.65 (d, J = 7.4 Hz, 1H), 
7.50 (t, J = 7.4 Hz, 1H), 7.41 (t, J = 7.4 Hz, 1H), 6.13 (s, 1H), 5.54 (s, 2H), 3.44 (s, 1H); 13C-NMR (100 MHz, 
CDCl3): d 199.1, 165.3, 135.2, 132.0, 131.7, 130.2, 128.5, 123.1, 88.3, 82.6, 82.0, 72.3, 65.6; HRMS (ESI): calcd for 
C18H8O8Co2Na ([M+Na]+): 492.8775, found 492.8754. 
 
2-3. Synthesis of reagent 33 
 
 
Methyl 2-(5,5,6,6,7,7,8,8,9,9,10,10,10-tridecafluorodec-1-yn-1-yl)benzoate (130b) 
To a solution of (π-allyl)2Pd2Cl2 (46 mg, 0.13 mmol), IAd (99 mg, 0.25 mmol), CuI (108 mg, 0.56 mmol), and Cs2CO3 
(1.14 g, 3.5 mmol) in DMF-Et2O (1:2) (5 mL) was added alkyne 129 (0.46 mL, 1.88 mmol), and 
1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluoro-8-iodooctane (0.60 mL, 2.5 mmol) at room temperature. The reaction mixture 
was stirred at 40 °C for 24 h and concentrated under vacuo and purified by column chromatography on silica gel 
(CH2Cl2 : Hexane = 1 : 30 to 1 : 8) to give alkyne 130b (629 mg, 1.24 mmol, 67% from 129).   
 
130b: yellow oil; IR (neat): 1733 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.91 (d, J = 7.6 Hz, 1H), 7.51 (d, J = 7.6 Hz, 
1H), 7.45 (t, J = 7.6 Hz, 1H), 7.36 (t, J = 7.6 Hz, 1H), 3.92 (s, 3H), 2.82 (t, J = 7.6 Hz, 2H), 2.56-2.42 (m, 2H); 13C-
NMR (150 MHz, CDCl3): d 166.6, 134.2, 132.0, 131.6, 130.3, 127.7, 123.6, 91.5, 80.4, 52.0, 30.6 (t, 1JCF = 21.7 Hz), 
11.9 (t, 2JCF = 5.8 Hz); 19F-NMR (562 MHz, CDCl3): d 83.9 (s, 3F), 118.3 (s, 2F), 125.1 (s, 2F), 126.0 (s, 2F), 126.7 
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2-(5,5,6,6,7,7,8,8,9,9,10,10,10-Tridecafluorodec-1-yn-1-yl)benzoic acid (131b) 
To a solution of benzoate 131b (1.37 g, 2.71 mmol) in TFE (7.3 mL) was added 2 M KOH (7.3 mL) at room 
temperature. The reaction mixture was stirred at 50 °C for 10 h. The mixture was added 1 M HCl (15 mL), and the 
mixture was extracted with Et2O (20 mL × 3), and concentrated under vacuo. The crude mixture was dissolved in 
CH2Cl2 (10 mL) and extracted with 1 M NaOH (15 mL × 2), and neutralized with 1 M HCl (30 mL), and the mixture 
was extracted with Et2O (30 mL × 3). The organic layer was dried over MgSO4, filtered, and concentrated under 
vacuo to give carboxylic acid 131b (1.24 g, 2.5 mmol, 93%). 
131b: white solid; mp. 78-80 °C; IR (neat): 1698 cm-1; 1H-NMR (600 MHz, CDCl3): d 8.06 (d, J = 7.6 Hz, 1H), 7.55 
(d, J = 7.6 Hz, 1H), 7.51 (t, J = 7.6 Hz, 1H), 7.40 (t, J = 7.6 Hz, 1H), 2.83 (t, J = 7.6 Hz, 2H), 2.56-2.44 (m, 2H); 13C-
NMR (150 MHz, CDCl3): d 170.5, 134.3, 132.5, 131.2, 130.7, 127.9, 124.1, 92.7, 80.2, 30.4 (t, 1JCF = 21.7 Hz), 11.9 
(t, 2JCF = 5.8 Hz); 19F-NMR (562 MHz, CDCl3): d 83.9 (s, 3F), 118.3 (s, 2F), 125.1 (s, 2F), 126.0 (s, 2F), 126.7 (s, 
2F), 129.3 (s, 2F); HRMS (EI): calcd for C17H9O2F13 (M+): 492.0395, found 492.0373. 
 
Reagent 33 
To a solution of benzoic acid 131b (248 mg, 0.50 mmol) in CH2Cl2 (5.0 mL) was added (COCl)2 (56 µL, 0.65 mmol) 
and DMF (10 µL, 0.13 µmol) at room temperature. The reaction mixture was stirred at the same temperature for 1 h. 
The reaction mixture was concentrated under vacuo. To the residue was added CH2Cl2 (5.0 mL), pyridine (0.38 mL, 
5.0 mmol) and then alkyne cobalt complex 16 (128 mg, 0.38 mmol). The reaction mixture was stirred at the same 
temperature for 2 h. The reaction mixture was quenched with water (10 mL), extracted with CH2Cl2 (15 mL × 3). The 
combined organic layers were dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified 
by silica gel column chromatography (AcOEt : Hexane = 1 : 100) to give reagent 33 (257 mg, 0.31 mmol, 84% from 
16). 
 
33: red solid; IR (neat): 2029, 1733 cm-1; 1H-NMR (600 MHz, CDCl3): d 8.01 (d, J = 7.6 Hz, 1H), 7.54 (d, J = 7.6 
Hz, 1H), 7.43 (t, J = 7.6 Hz, 1H), 7.35 (t, J = 7.6 Hz, 1H), 6.13 (s, 1H), 5.52 (s, 2H), 2.83 (t, J = 7.6 Hz, 2H), 2.61-
2.45 (m, 2H); 13C-NMR (150 MHz, CDCl3): d 199.1, 165.2, 134.4, 132.0, 131.1, 130.2, 127.7, 124.3, 92.0, 88.6, 
80.4, 72.1, 65.4, 30.5 (t, 1JCF = 23.1 Hz), 11.9 (t, 2JCF = 5.8 Hz); 19F-NMR (562 MHz, CDCl3): d 83.9 (s, 3F), 118.3 
(s, 2F), 125.0 (s, 2F), 125.9 (s, 2F), 126.6 (s, 2F), 129.2 (s, 2F); HRMS (ESI): calcd for C26H11O8Co2F13Na 
([M+Na]+): 838.8803, found 838.8793. 
 





Methyl 2-(5,5,6,6,7,7,8,8,8-nonafluorooct-1-yn-1-yl)benzoate (130a) 
To a solution of (π-allyl)2Pd2Cl2 (92 mg, 0.25 mmol), 1,3-di(1-adamantyl)imidazolium hydrochloride (IAd) (198 mg, 
0.5 mmol), CuI (216 mg, 1.12 mmol), and Cs2CO3 (2.28 g, 7.0 mmol) in DMF-Et2O (1:2) (10 mL) was added alkyne 
129 (0.92 mL, 3.75 mmol) and 2-(nonafluorobutyl)ethyl iodide (0.86 mL, 5.0 mmol) at room temperature. The 
reaction mixture was stirred at 40 °C for 24 h, the reaction mixture was concentrated under vacuo and purified by 
column chromatography on silica gel (CH2Cl2 : Hexane = 1 : 30 to 1 : 8) to give alkyne 130a (1.08 g, 2.70 mmol, 
53% from 129).   
 
130a: yellow oil; IR (neat): 2955, 1734 cm-1; 1H-NMR (600 MHz, CDCl3): d 8.02 (d, J = 8.2 Hz, 1H), 7.70 (t, J = 
7.6 Hz, 1H), 7.62 (t, J = 7.6 Hz, 1H), 7.53 (d, J = 7.6 Hz, 1H), 3.88 (s, 3H), 3.37 (t, J = 7.6 Hz, 2H), 2.56-2.41 (m, 
2H); 13C-NMR (150 MHz, CDCl3): d 195.8, 193.3, 167.3, 138.2, 133.4, 131.5, 129.5, 129.2, 129.1, 52.9, 27.9, 24.8 
(t, 1JCF = 23.1 Hz); 19F-NMR (562 MHz, CDCl3): d 84.1 (s, 3F), 117.5 (s, 2F), 127.5 (s, 2F), 129.2 (s, 2F); HRMS 
(ESI): calcd for C11H11O2F9Na ([M+Na]+): 429.0508, found 429.0505. 
 
2-(5,5,6,6,7,7,8,8,8-Nonafluorooct-1-yn-1-yl)benzoic acid (131a) 
To a solution of benzoate 130a (274 mg, 0.67 mmol) in 2,2,2-trifluoroethanol (TFE) (1.8 mL) was added 2 M KOH 
(1.8 mL) at room temperature. The reaction mixture was and stirred at 50 °C for 16 h. To the mixture was added 1 M 
HCl (5 mL), and the resulting mixture was extracted with CH2Cl2 (10 mL × 3). The combined organic layers were 
dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified by column chromatography on 
silica gel (AcOEt : Hexane = 1 : 20) to give benzoic acid 131a (244 mg, 0.62 mmol, 92%).   
 
131a: white solid; mp. 82-84 °C; IR (neat): 1705 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.06 (d, J = 7.7 Hz, 1H), 7.56 
(d, J = 7.7 Hz, 1H), 7.51 (t, J = 7.7, 1H), 7.40 (t, J = 7.7 Hz, 1H), 2.82 (t, J = 7.7 Hz, 2H), 2.64-2.38 (m, 2H); 13C-
NMR (100 MHz, CDCl3): d 170.8, 134.3, 132.6, 131.2, 130.8, 127.9, 124.2, 92.7, 80.2, 30.3 (t, 1JCF = 21.3 Hz), 11.9 
(t, 2JCF = 4.9 Hz) ; 19F-NMR (562 MHz, CDCl3): d 84.1 (s, 3F), 118.5 (s, 2F) 127.6 (s, 2F), 129.1 (s, 2F); HRMS 
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To a solution of benzoic acid 131a (196 mg, 0.50 mmol) in CH2Cl2 (1.7 mL) was added (COCl)2 (58 µL, 0.65 mmol) 
and DMF (4.0 µL, 0.05 µmol) at room temperature. The reaction mixture was stirred at the same temperature for 1 
h. The reaction mixture was concentrated under vacuo. To the residue was added CH2Cl2 (2.5 mL), pyridine (0.38 
mL, 5.0 mmol) and then alkyne cobalt complex 16 (128 mg, 0.38 mmol) at room temperature. The reaction mixture 
was stirred at the same temperature for 2 h. The reaction mixture was quenched with water (5 mL), extracted with 
CH2Cl2 (10 mL × 3). The combined organic layers were dried over MgSO4, filtered, and concentrated under vacuo. 
The residue was purified with silica gel column chromatography (AcOEt : Hexane = 1 : 100) to give reagent 127 
(231 mg, 0.32 mmol, 84% from 16). 
 
129: red oil; IR (neat): 2030, 1732 cm-1; 1H-NMR (600 MHz, CDCl3): d 8.01 (d, J = 8.2 Hz, 1H), 7.54 (d, J = 7.5 Hz, 
1H), 7.47 (t, J = 7.5 Hz, 1H), 7.35 (t, J = 7.5 Hz, 1H), 6.13 (s, 1H), 5.53 (s, 2H), 2.82 (t, J = 6.8 Hz, 2H), 2.56-2.43 
(m, 2H); 13C-NMR (150 MHz, CDCl3): d 199.0, 165.2, 134.4, 132.0, 131.1, 130.2, 127.7, 124.3, 92.0, 88.6, 80.4, 
72.1, 65.4, 30.4 (t, 1JCF = 21.5 Hz), 11.9 (t, 2JCF = 5.7 Hz) ; 19F-NMR (562 MHz, CDCl3): d 84.1 (s, 3F), 118.6 (s, 
2F), 127.7 (s, 2F), 129.9 (s, 2F); HRMS (EI): calcd for C21H11F9O5Co2 ([M-3CO]+): 631.9127, found: 631.9111. 
 




To a solution of (π-allyl)2Pd2Cl2 (28 mg, 75 µmol), IAd (56 mg, 0.15 mmol), CuI (65 mg, 0.34 mmol), Cs2CO3 (684 
mg, 2.1 mmol) in DMF-Et2O (1:2) (3 mL) was added alkyne 129 (0.16 mL, 1.1 mmol), 
1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-heptadecafluoro-10-iododecane (861 mg, 1.5 mmol) at room temperature. The 
reaction mixture was stirred at 40 °C for 24 h and concentrated under vacuo and purified by column chromatography 
on silica gel (CH2Cl2 : Hexane = 1 : 30 to 1 : 8) to give alkyne 130c (327 mg, 0.54 mmol, 48% from 129).   
 
130c: yellow oil; IR (neat): 2926, 1735 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.92 (d, J = 7.6 Hz, 1H), 7.52 (d, J = 
8.3 Hz, 1H), 7.45 (t, J = 7.6 Hz, 1H), 7.36 (t, J = 7.6 Hz, 1H), 3.92 (s, 3H), 2.82 (t, J = 7.6 Hz, 2H), 2.57-2.44 (m, 
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= 21.7 Hz), 11.9 (t, 2JCF = 5.8 Hz); 19F-NMR (562 MHz, CDCl3): d 83.9 (s, 3F), 117.8 (s, 2F), 1118.3 (s, 2F), 124.8 




To a solution of benzoate 130c (327 mg, 0.54 mmol) in TFE (1.5 mL) was added 2 M KOH (1.5 mL) at room 
temperature. The reaction mixture was stirred at the same temperature for 26 h. The mixture was added 1 M HCl (5 
mL), and the mixture was extracted with Et2O (15 mL × 2). The combined organic layers were dried over MgSO4, 
filtered, and concentrated under vacuo. The residue was purified by column chromatography on silica gel (AcOEt : 
Hexane = 1 : 20) to give isocoumarin 132 (124 mg, 0.21 mmol, 39%). Carboxylic acid was not obtained. 
 
132: white solid; mp. 74-76 °C; IR (neat): 1718 cm-1; 1H-NMR (600 MHz, CDCl3): d 8.27 (d, J = 7.5 Hz, 1H), 7.71 
(t, J = 7.5 Hz, 1H), 7.51 (t, J = 7.5 Hz, 1H), 7.39 (d, J = 8.2 Hz, 1H), 2.86 (t, J = 7.5 Hz, 2H), 2.62-2.49 (m, 2H); 13C-
NMR (150 MHz, CDCl3): d 162.4, 154.2, 136.9, 135.0, 129.7, 128.3, 125.3, 120.3, 104.2, 28.7 (t, 1JCF = 22.9 Hz), 
25.0 (t, 2JCF = 4.3 Hz); 19F-NMR (562 MHz, CDCl3): d 83.9 (s, 3F), 117.5 (s, 2F), 117.9 (s, 2F), 124.8 (s, 2F), 125.0 
(s, 2F), 125.8 (s, 2F), 126.5 (s, 2F), 129.2 (s, 2F); HRMS (EI): calcd for C19H9O2F17 (M+): 592.0331, found 592.0310. 
 
3. Reagent screening 
3-1. Reaction of reagent 29 with substrate 71 
 
To a solution of 29 (0.1 mmol), naproxen methyl ester 71 (0.2 mmol) and MS4A (50 mg) in CH2Cl2 (1.6 mL) was 
added a solution of 2.5 mM PPh3AuSbF6 in CH2Cl2 (0.4 mL) at room temperature. The reaction mixture was stirred 
at the same temperature for 30 min. The reaction mixture was quenched with saturated aqueous NaHCO3 (2 mL), 
extracted with CH2Cl2 (4 mL × 2). The combined organic layers were dried over MgSO4, filtered, and concentrated 
under vacuo to give a crude mixture of 71, 30, 31, and 32. The ratio was determined by 1H-NMR used toluene as the 
internal standard. The analytical samples were obtained by extensive PTLC (AcOEt : hexane = 1 : 8). 
 
31: colorless oil; IR (neat): 1729 cm-1; 1H-NMR (400 Hz, CDCl3): d 8.25 (d, J = 7.7 Hz, 1H), 7.67 (td, J = 7.7 Hz, 
1.4 Hz, 1H), 7.45 (td, J = 7.7 Hz, 1.4 Hz, 1H), 7.30 (t, J = 7.7 Hz, 1H), 6.25 (s, 1H), 2.53 (t, J = 7.5 Hz, 2H), 1.70 
(quint, J = 7.5 Hz, 2H), 1.41 (sext,  J = 7.5 Hz, 2H), 0.95 (t, J = 7.5 Hz, 3H); 13C-NMR (100 MHz, CDCl3): d 199.1, 
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for C13H15O2 ([M+H]+): 203.1067, found 203.1063. 
 
32: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.33 (d, J = 7.6 Hz, 1H), 7.80 (t, J = 7.6 Hz, 1H), 
7.61 (t, J = 7.6, 1H), 7.52 (t, J = 7.6 Hz, 1H), 5.93 (s, 1H), 4.19 (s, 2H), 2.69 (t, J = 7.5 Hz, 2H), 1.77 (quint, J = 7.5 
Hz, 2H), 1.45 (sext, J = 7.5 Hz, 2H), 0.98 (t, J = 7.5 Hz, 3H); 13C-NMR (100 MHz, CDCl3): d 199.3, 162.2, 155.6, 
137.0, 134.5, 130.2, 127.7, 122.8, 120.8, 111.5, 93.1, 73.8, 30.9, 29.8, 22.5, 13.8; HRMS (EI): calcd for C19H16O5Co2 
([M-3CO]+): 441.9662, found 441.9668. 
 
3-2. Reaction of reagent 122 with substrate 71 
 
To a solution of 122 (0.1 mmol), naproxen methyl ester 71 (0.2 mmol) and MS4A (50 mg) in CH2Cl2 (1.6 mL) was 
added a solution of 2.5 mM PPh3AuSbF6 in CH2Cl2 (0.4 mL) at room temperature. The reaction mixture was stirred 
at the same temperature for 30 min. The reaction mixture was quenched with saturated aqueous NaHCO3 (2 mL), 
extracted with CH2Cl2 (4 mL × 2). The combined organic layers were dried over MgSO4, filtered, and concentrated 
under vacuo to give crude mixture of 71, 30, 125, and 126. The ratio was determined by 1H-NMR used toluene as 
the internal standard. The analytical samples were obtained by PTLC (AcOEt : Hexane 1 : 8). 
 
125: gray solid; IR (solid): 1765 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.92 (d, J = 7.6 Hz, 1H), 7.73 (d, J = 4.1 Hz, 
2H), 7.60-7.58 (m, 2H), 5.25 (d, J = 3.4 Hz, 1H), 4.23 (d, J = 3.4 Hz, 1H); 13C-NMR (150 MHz, CDCl3): d 166.8, 
131.8, 139.0, 134.4, 130.5, 125.3, 125.2, 120.6, 91.2; HRMS (ESI): calcd for C9H6O2Na ([M+Na]+): 169.0260, found 
160.0255. 
 
126: red oil; IR (neat): 2019 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.98 (d, J = 7.8 Hz, 1H), 7.87 (d, J = 7.8 Hz, 1H), 
7.75 (t, J = 7.8 Hz, 1H), 7.61 (t, J = 7.4 Hz, 1H), 6.09 (s, 1H), 6.01 (t, J = 8.3 Hz, 1H), 4.11 (d, J = 8.3 Hz, 2H); 13C-
NMR (100 MHz, CDCl3): d 199.3, 166.5, 146.8, 137.6, 134.5, 130.3, 126.4, 125.9, 122.9, 110.8, 93.2, 72.8, 30.5; 
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3-3. Reaction of reagent 127 with naproxen methyl ether 
 
To a solution of 127 (71.6 mg, 0.1 mmol), naproxen methyl ester 71 (60.6 mg, 0.2 mmol) and MS4A (50 mg) in 
CH2Cl2 (1.6 mL) was added a solution of 2.5 mM PPh3AuSbF6 in CH2Cl2 (0.4 mL) at room temperature. The reaction 
mixture was stirred at the same temperature for 30 min. The reaction mixture was quenched with saturated aqueous 
NaHCO3 (2 mL), extracted with CH2Cl2 (7 mL × 3). The combined organic layers were dried over MgSO4, filtered, 
and concentrated under vacuo to give crude mixture of 30 and 71 and 133. The ratio was determined by 1H-NMR 
used toluene as the internal standard. The analytical samples were obtained by PTLC (AcOEt : Hexane 1 : 8). 
 
133: white solid; mp. 50-52 °C; IR (neat): 1734 cm-1; 1H-NMR (600 MHz, CDCl3): d 8.27 (d, J = 8.2 Hz, 1H), 7.71 
(t, J = 7.6 Hz, 1H), 7.51 (t, J = 7.6 Hz, 1H), 7.39 (d, J = 7.6 Hz, 1H), 6.37 (s, 1H), 2.86 (t, J = 7.6 Hz, 2H), 2.65-2.47 
(m, 2H); 13C-NMR (150 MHz, CDCl3): d 162.3, 154.2, 136.9, 135.0, 129.7, 128.3, 125.3, 120.3, 104.3, 28.6 (t, 1JCF 
= 21.7 Hz), 25.0 (t, 2JCF = 4.3 Hz); HRMS (EI): calcd for C15H9F9O2 (M+): 392.0459, found 392.0477. 
 
3-4. Reaction of reagent 33 with naproxen methyl ether 
 
To a solution of 33 (81.6 mg, 0.1 mmol), naproxen methyl ester 71 (60.6 mg, 0.2 mmol) and MS4A (50 mg) in 
CH2Cl2 (1.6 mL) was added a solution of 2.5 mM PPh3AuSbF6 in CH2Cl2 (0.4 mL) at room temperature. The reaction 
mixture was stirred at the same temperature for 30 min. The reaction mixture was quenched with saturated aqueous 
NaHCO3 (2 mL), extracted with CH2Cl2 (7 mL × 3). The combined organic layers were dried over MgSO4, filtered, 
and concentrated under vacuo to give crude mixture of 30 and 34 and 71. The ratio was determined by 1H-NMR used 
toluene as the internal standard. The analytical samples were obtained by PTLC (AcOEt : Hexane 1 : 8). 
 
34: white solid; mp. 54-56 °C; IR (neat): 1736 cm-1; 1H-NMR (600 MHz, CDCl3): d 8.28 (d, J = 8.2 Hz, 1H), 7.71 
(t, J = 7.5 Hz, 1H), 7.51 (t, J = 7.5 Hz, 1H), 7.39 (d, J = 7.5 Hz, 1H), 6.38 (s, 1H), 2.87 (t, J = 8.2 Hz, 2H), 2.61-2.48 
(m, 2H); 13C-NMR (150 MHz, CDCl3): d 162.3, 154.2, 136.9, 135.0, 129.7, 128.3, 125.3, 120.3, 104.2, 28.7 (t, 1JCF 
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2F), 126.5 (s, 2F), 129.2 (s, 2F) ;  HRMS (EI): calcd for C17H9F13O2 (M+): 492.0395, found: 492.0366. 
 
4. Synthesis of gold catalyst E2 
 
To CH2Cl2 (5.2 mL) was added gold catalyst E2 (164 mg, 0.3 mmol), AgNTf2 (116 mg, 0.3 mmol) at room 
temperature. The reaction mixture was stirred at the same temperature for 24 h. AgCl was removed by filtration 
through Celite and concentrated under vacuo to give gold catalyst E3 (211 mg, 0.27 mmol, 89%). 
 
E3: white crystal; IR (neat): 1590, 1496 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.55-7.44 (m, 2H), 7.30-7.19 (m, 
2H) ; 13C-NMR (100 MHz, CDCl3): d 165.5 (dd, 1JCF = 257.2 Hz, 1JCP = 3.3 Hz), 136.3 (dd, 2JCP = 15.6 Hz, 2JCF = 
9.0 Hz), 122.7 (dd, 3JCP = 69.6 Hz, 3JCF = 3.3 Hz), 119.4 (q, 5JCF = 322.8 Hz), 117.5 (dd, 4JCF = 22.1 Hz, 4JCP = 13.9 
Hz);  HRMS (EI): calcd for C20H12F9NO4PS2Au (M+): 792.9467, found: 792.9479. 
 
Functionalization  
Procedure A; Two-necked flask containing MS4A (50 mg) was dried using heat gun under vacuo and then cooled to 
room temperature. After done heating and cooling three times, in the flask was added substrate (50 µmol), reagent 
33 (50 mg, 60 µmol), and DCE (1.0 mL) at room temperature. To the reaction mixture was added (4-F-
C6H4)3PAuNTf2 (5-20 mol%) and stirred at the same temperature for 15 min. The reaction mixture was quenched 
with saturated aqueous NaHCO3 (2 mL), and extracted with CH2Cl2 (5 mL × 3). The combined organic layers were 
dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified by silica gel column 
chromatography to give a desired product. 
Procedure B; Two-necked flask containing MS4A (50 mg) was dried using heat gun under vacuo and then cooled to 
room temperature. After done heating and cooling three times, in the flask was added substrate (50 µmol), reagent 
33 (50 mg, 60 µmol), DCE (1.0 mL), and HFIP (0.1 mL) at room temperature. To the reaction mixture was added (4-
F-C6H4)3PAuNTf2 (5-20 mol%) and stirred at the same temperature for 15 min. The reaction mixture was quenched 
with saturated aqueous NaHCO3 (2 mL), and extracted with CH2Cl2 (5 mL × 3). The combined organic layers were 
dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified by silica gel column 
chromatography to give a desired product. 
Procedure C; Two-necked flask containing MS4A (50 mg) was dried using heat gun under vacuo and then cooled 
to room temperature. After done heating and cooling three times, in the flask was added substrate (50 µmol), reagent 
33 (61 mg, 75 µmol), DCE (1.0 mL), and HFIP (0.1 mL) at room temperature. To the reaction mixture was added (4-
F-C6H4)3PAuNTf2 (5-20 mol%) and stirred at the same temperature for 15 min. The reaction mixture was quenched 
with saturated aqueous NaHCO3 (2 mL), and extracted with CH2Cl2 (5 mL × 3). The combined organic layers were 











chromatography to give a desired product. 
Procedure D; Two-necked flask containing MS4A (50 mg) was dried using heat gun under vacuo and then cooled 
to room temperature. After done heating and cooling three times, in the flask was added substrate (50 µmol), reagent 
33 (50 mg, 60 µmol), and DCE (1.0 mL) at room temperature. To the reaction mixture was added (4-F-
C6H4)3PAuNTf2 (5-20 mol%) and stirred at the same temperature for 15 min. The reaction mixture was quenched 
with saturated aqueous NaHCO3 (2 mL), and extracted with CH2Cl2 (5 mL × 3). The combined organic layers were 
dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified by silica gel column 
chromatography. After concentrated under vacuo, the residue was purified fluorous silica gel chromatography (H2O : 
MeOH = 1 : 4). Fraction was extracted with CH2Cl2 (3 mL × 3) and then dried over MgSO4, filtered, and concentrated 
under vacuo to give a desired product. 
 
Functionalization of 2-methoxynaphthalene (135) 
 
Procedure A was followed and used (4-F-C6H4)3PAuNTf2 (1.98 mg, 2.5 µmol). The crude mixture was purified by 
silica gel column chromatography (Hexane) to give 136 (23.8 mg, 49.3 µmol, 99%). 
 
136: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.95 (d, J = 8.7 Hz, 1H), 7.82-7.74 (m, 2H), 7.52 
(brt, J = 7.2 Hz, 1H), 7.35 (t, J = 7.2 Hz, 1H), 7.26 (d, J = 8.7 Hz, 1H), 5.93 (s, 1H), 4.63 (s, 2H), 3.97 (s, 3H) ; 13C-
NMR (100 MHz, CDCl3): d 199.8, 154.1, 132.7, 129.2, 128.9, 128.7, 126.5, 123.3, 123.2, 121.3, 112.4, 96.4, 73.6, 
55.6, 29.0 ;  HRMS (EI): calcd for C19H12O6Co2 ([M-CO]+): 453.9298, found: 453.9312. 
 
Functionalization of 2-isopropoxynaphthalene (137) 
 
Procedure A was followed and used (4-F-C6H4)3PAuNTf2 (1.98 mg, 2.5 µmol). The crude mixture was purified by 
silica gel column chromatography (Hexane) to give 138 (30.0 mg, 48.9 µmol, 98%). 
138: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.95 (d, J = 8.2 Hz, 1H), 7.77 (d, J = 8.2 Hz, 1H), 
7.73 (d, J = 9.2 Hz, 1H), 7.52 (t, J = 8.2 Hz, 1H), 7.35 (t, J = 7.7 Hz, 1H), 7.23 (d, J = 9.2 Hz, 1H), 5.91 (s, 1H), 4.72 
(quint, J = 6.3 Hz, 1H), 4.63 (s, 2H), 1.42 (d, J = 6.3 Hz, 6H) ; 13C-NMR (100 MHz, CDCl3): d 199.9, 152.7, 132.8, 
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C19H18O4Co2 ([M-5CO]+): 369.9814, found: 369.9786. 
 
Functionalization of 2-phenoxynaphthalene (139) 
 
Procedure B was followed and used (4-F-C6H4)3PAuNTf2 (7.92 mg, 10 µmol). The crude mixture was purified by 
silica gel column chromatography (Hexane) to give 140 (26.2 mg, 48.2 µmol, 96%). 
 
140: red oil; IR (neat): 2019 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.08 (d, J = 8.7 Hz, 1H), 7.84 (d, J = 8.2 Hz, 1H), 
7.74 (d, J = 8.7 Hz, 1H), 7.60 (dt, J = 7.7 Hz, J = 1.0 Hz, 1H), 7.47 (t, J = 7.5 Hz, 1H), 7.33 (t, J = 7.5 Hz, 2H), 7.14 
(d, J = 7.7 Hz, 1H), 7.09 (t, J = 7.5 Hz, 1H), 6.98 (d, J = 7.7 Hz, 2H), 5.91 (s, 1H), 4.63 (s, 2H) ; 13C-NMR (100 
MHz, CDCl3): d 199.6, 157.8, 151.0, 132.7, 131.1, 129.8, 129.2, 128.8, 126.7, 125.9, 124.9, 123.9, 122.8, 119.9, 
117.6, 95.5, 73.7, 29.8;  HRMS (EI): calcd for C22H14O4Co2 ([M-3CO]+): 459.9556, found: 459.9544. 
 
Functionalization of 2-(benzyloxy)naphthalene (S20) 
 
Procedure B was followed and used (4-F-C6H4)3PAuNTf2 (3.96 mg, 5.0 µmol). The crude mixture was purified by 
silica gel column chromatography (Hexane to CH2Cl2 : Hexane = 1 : 50) to give 142 (26.7 mg, 47.8 µmol, 96%). 
 
142: red oil; IR (neat): 2018 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.99 (d, J = 8.2 Hz, 1H), 7.78 (d, J = 8.2 Hz, 1H), 
7.75 (d, J = 9.2 Hz, 1H), 7.53 (dt, J = 8.2 Hz, J = 1.2 Hz, 1H), 7.51-7.45 (m, 2H), 7.43-7.32 (m, 4H), 7.30 (d, J = 9.2 
Hz, 1H), 5.90 (s, 1H), 5.26 (s, 2H), 4.68 (s, 2H); 13C-NMR (100 MHz, CDCl3): d 199.7, 153.4, 137.1, 132.7, 129.4, 
128.9, 128.64, 128.59, 127.9, 127.3, 126.6, 123.6, 123.4, 122.1, 114.2, 96.1, 73.9, 70.9, 29.5;  HRMS (EI): calcd for 
C23H16O4Co2 ([M-3CO]+): 473.9713, found: 473.9738. 
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Procedure A was followed and used (4-F-C6H4)3PAuNTf2 (1.98 mg, 2.5 µmol). The crude mixture was purified by 
silica gel column chromatography (Hexane) to give 144 (24.5 mg, 46.8 µmol, 94%). 
 
144: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.88 (d, J = 8.7 Hz, 1H), 7.72 (d, J = 8.7 Hz, 1H), 
7.57 (s, 1H), 7.38 (d, J = 8.7 Hz, 1H), 7.22 (d, J = 9.2 Hz, 1H), 6.13-5.98 (m, 1H), 5.92 (s, 1H), 5.14 (d, J = 5.8 Hz, 
1H), 5.10 (s, 1H), 4.61 (s, 2H), 3.96 (s, 3H), 3.52 (d, J = 6.3 Hz, 2H); 13C-NMR (100 MHz, CDCl3): d 199.8, 153.7, 
137.4, 134.8, 131.3, 129.3, 128.4, 128.1, 127.4, 123.3, 121.1, 116.0, 112.5, 96.4, 73.6, 55.6, 40.0, 29.0;  HRMS (EI): 
calcd for C18H16O2Co2 ([M-5CO]+): 381.9814, found: 381.9833. 
 
Functionalization of 2-bromo-6-methoxynaphthalene (145) 
 
Procedure B was followed and used (4-F-C6H4)3PAuNTf2 (3.96 mg, 5.0 µmol). The crude mixture was purified by 
silica gel column chromatography (Hexane) to give 146 (25.2 mg, 44.9 µmol, 90%). 
 
146: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.94 (d, J = 1.4 Hz, 1H), 7.82 (d, J = 9.2 Hz, 1H), 
7.70 (d, J = 9.2 Hz, 1H), 7.58 (dd, J = 9.2 Hz, J = 1.4 Hz, 1H), 7.28 (s, 1H), 5.92 (s, 1H), 4.59 (s, 2H), 3.97 (s, 3H); 
13C-NMR (100 MHz, CDCl3): d 199.7, 154.3, 131.1, 130.5, 130.2, 129.8, 128.0, 125.0, 121.5, 117.0, 113.4, 95.7, 
73.4, 55.6, 28.8; HRMS (EI): calcd for C16H1179BrO3Co2 ([M-4CO]+): 447.8556, found: 447.8568. 
 
Functionalization of 2-acetyl-6-methoxynaphthalene (147) 
 
Procedure A was followed and used (4-F-C6H4)3PAuNTf2 (7.92 mg, 10 µmol). The crude mixture was purified by 
silica gel column chromatography (AcOEt : Hexane = 1 : 50 to 1 : 20) to give 148 (19.5 mg, 37.2 µmol, 74%). 
 
148: red oil; IR (neat): 2017, 1677 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.42 (s, 1H), 8.08 (dd, J = 9.2 Hz, 1.9 Hz, 
1H), 7.99 (d, J = 9.2 Hz, 1H), 7.92 (d, J = 9.2 Hz, 1H), 7.33 (d, J = 9.2 Hz, 1H), 5.93 (s, 1H), 4.63 (s, 2H), 4.00 (s, 
3H), 2.71 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 199.7, 197.7, 156.3, 135.0, 132.3, 131.2, 130.9, 127.9, 124.6, 
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Functionalization of 2-methoxy-6-((methoxymethoxy)methyl)naphthalene (149) 
 
Procedure D was followed and used (4-F-C6H4)3PAuNTf2 (3.96 mg, 5.0 µmol). The crude mixture was purified by 
silica gel column chromatography (AcOEt : Hexane = 1 : 50) and then fluorous silica gel column chromatography to 
give 150 (16.1 mg, 29 µmol, 58%). 
 
150: red oil; IR (neat): 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.94 (d, J = 8.7 Hz, 1H), 7.77 (d, J = 9.2 Hz, 1H), 
7.76 (s, 1H), 7.52 (dd, J = 9.2 Hz, J = 1.9 Hz, 1H), 7.25 (d, J = 9.2 Hz, 1H), 5.92 (s, 1H), 4.75 (s, 2H), 4.74 (s, 2H), 
4.62 (s, 2H), 3.97 (s, 3H), 3.45 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 199.8, 154.2, 132.6, 132.2, 128.92, 128.88, 
127.6, 126.7, 123.6, 121.2, 112.6, 96.2, 73.5, 69.2, 55.6, 55.4, 29.0; HRMS (EI): calcd for C20H18O6Co2 ([M-3CO]+): 
471.9767, found: 471.9776. 
 
Functionalization of tert-butyl((6-methoxynaphthalen-2-yl)methoxy) dimethylsilane (151) 
 
Procedure A was followed and used (4-F-C6H4)3PAuNTf2 (3.96 mg, 5.0 µmol). The crude mixture was purified by 
silica gel column chromatography (CHCl3 : Hexane = 1 : 20 to  CHCl3 : Hexane = 1 : 15) to give 152 (29.0 mg, 
quant.). 
  
152: red oil; IR (neat): 2019 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.91 (d, J = 8.7 Hz, 1H), 7.76 (d, J = 8.7 Hz, 1H), 
7.71 (s, 1H), 7.48 (dd, J = 8.7 Hz, J = 1.0 Hz, 1H), 7.23 (d, J = 8.7 Hz, 1H), 5.92 (s, 1H), 4.88 (s, 2H), 4.62 (s, 2H), 
3.96 (s, 3H), 0.97 (s, 9H), 0.13 (s, 6H); 13C-NMR (100 MHz, CDCl3): d 199.8, 153.9, 136.3, 131.9, 129.0, 128.8, 
125.5, 125.3, 123.2, 121.2, 112.4, 96.4, 73.5, 65.1, 55.6, 29.1, 26.0, 18.5, -5.2; HRMS (EI): calcd for C25H28O6SiCo2 
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Functionalization of ((6-methoxynaphthalen-2-yl)methoxy)trimethylsilane (153) 
 
Procedure A was followed and used (4-F-C6H4)3PAuNTf2 (7.92 mg, 10 µmol). The crude mixture was purified by 
silica gel column chromatography (CHCl3 : Hexane = 1 : 20 to  CHCl3 : Hexane = 1 : 15) to give 154 (<10.46 mg, 
<17.9 µmol, <36%). 
To a solution of 154 (<10.46 mg, <17.9 µmol, <36%) in MeOH (2.0 mL) was added K2CO3 (10 mg, 7.23 µmol) at 
room temperature. The reaction mixture was stirred for 90 min at the same temperature. The solution was quenched 
with saturated aqueous NH4Cl (1 mL) and extracted with CH2Cl2 (3 mL × 3). The combined organic layers were 
dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified by column chromatography on 
silica gel (AcOEt : Hexane = 1 : 30 to AcOEt : Hexane = 1 : 4) to give E4 (7.86 mg, 15.3 µmol, 31% over 2 steps) 
  
E4: red oil; IR (neat): 3321, 2017 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.95 (d, J = 8.7 Hz, 1H), 7.77 (d, J = 9.2 Hz, 
1H), 7.76 (s, 1H), 7.53 (d, J = 8.7 Hz, 1H), 7.25 (d, J = 8.7 Hz, 1H), 5.92 (s, 1H), 4.84 (s, 2H), 4.62 (s, 2H), 3.97 (s, 
3H), 1.70 (brs, 1H); 13C-NMR (100 MHz, CDCl3): d 199.8, 154.2, 135.7, 132.2, 129.0, 128.9, 126.4, 126.0, 123.7, 
121.3, 112.7, 96.3, 73.5, 65.4, 55.6, 29.0; HRMS (EI): calcd for C16H14O3Co2 ([M-5CO]+): 371.9607, found: 
371.9633. 
 
Functionalization of tert-butyl ((6-methoxynaphthalen-2-yl)methyl)(methyl) carbamate (155) 
 
Procedure B was followed and used (4-F-C6H4)3PAuNTf2 (3.96 mg, 5.0 µmol). The crude mixture was purified by 
silica gel column chromatography (AcOEt : Hexane = 1 : 50 to 1 : 20) to give 156 (23.8 mg, 38.0 µmol, 76%). 
 
156 (a mixture of two rotamers): red oil; IR (neat): 2019, 1694 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.92 (d, J = 8.9 
Hz, 1H), 7.74 (d, J = 8.9 Hz, 1H), 7.58 (brs, 1H), 7.41 (brs, 1H), 7.27-7.23 (m, 1H), 5.93 (s, 1H), 4.62 (s, 2H), 4.55 
(brs, 2H), 3.97 (s, 3H), 2.88 (brs, 1.5H), 2.80 (brs, 1.5H), 1.49 (s, 9H); 13C-NMR (150 MHz, CDCl3): d 199.8, 156.3, 
155.9, 154.1, 133.0, 131.9, 129.0, 128.6, 127.5, 127.4, 127.3, 126.7, 126.2, 123.7, 121.3, 112.7, 96.3, 79.8, 73.5, 55.6, 
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Functionalization of (9H-fluoren-9-yl)methyl ((6-methoxynaphthalen-2-yl)methyl)(methyl)carbamate (157) 
 
Procedure B was followed and used (4-F-C6H4)3PAuNTf2 (3.96 mg, 5.0 µmol). The crude mixture was purified by 
silica gel column chromatography (AcOEt : Hexane = 1 : 30 to 1 : 10) to give 158 (35.4 mg, 49.9 µmol, 99%). 
 
158 (a mixture of two rotamers): red oil; IR (neat): 2019, 1702 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.92 (d, J = 8.9 
Hz, 0.5H), 7.87 (d, J = 8.2 Hz, 0.5H), 7.82-7.68 (m, 3H), 7.63 (brs, 1.5H), 7.51 (brd, J = 8.2 Hz, 1.5H), 7.41 (t, J = 
6.8 Hz, 1.5H), 7.38-7.29 (m, 2H), 7.26 (d, J = 6.8 Hz, 1H), 7.18 (brd, J = 6.8 Hz, 1.5H), 5.92 (s, 1H), 4.69-4.59 (m, 
3H), 4.57-4.46 (m, 3H), 4.31 (brs, 0.5H), 4.25 (brs, 0.5H), 3.97 (s, 3H), 2.92 (brs, 1.5H), 2.88 (brs, 1.5H) ; 13C-NMR 
(150 MHz, CDCl3): d 199.8, 156.8, 156.4, 154.2, 144.0, 141.4, 132.2, 132.0, 128.9, 128.7, 127.7, 127.6, 127.4, 127.0, 
126.7, 126.1, 125.0, 124.9, 123.9, 121.3, 120.0, 112.7, 96.2, 73.5, 67.5, 55.6, 52.5, 52.2, 47.4, 34.4, 33.4, 29.7, 29.0;  
HRMS (FAB): calcd for C34H27NO6Co2 ([M-3CO]+): 663.0502, found: 663.0504. 
 
Functionalization of 3-methylbenzofuran (159) 
 
Procedure A was followed and used (4-F-C6H4)3PAuNTf2 (1.98 mg, 2.5 µmol). The crude mixture was purified by 
silica gel column chromatography (Hexane) to give 160 (17.8 mg, 39.0 µmol, 78%). 
 
160: red oil; IR (neat): 2019 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.45 (dd, J = 6.8 Hz, 1.4 Hz, 1H), 7.38 (dd, J = 
6.8 Hz, 1.4 Hz, 1H), 7.24 (d, J = 7.2 Hz, 1.9 Hz, 1H), 7.20 (dt, J = 7.2 Hz, 1.4 Hz, 1H), 6.09 (s, 1H), 4.23 (s, 2H), 
2.23 (s, 3H) ; 13C-NMR (100 MHz, CDCl3): d 199.4, 153.9, 150.9, 129.8, 123.9, 122.2, 119.1, 111.1, 110.9, 93.3, 
73.1, 30.4, 7.9;  HRMS (EI): calcd for C17H10O7Co2 ([M-5CO]+): 427.9141, found: 427.9161. 
 
Functionalization of 3-metylbenzothiophene (161) 
 
Procedure B was followed and used (4-F-C6H4)3PAuNTf2 (7.92 mg, 10 µmol). The crude mixture was purified by 
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31: red oil; IR (neat): 2018 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.77 (d, J = 8.2 Hz, 1H), 7.63 (d, J = 7.7 Hz, 1H), 
7.36 (t, J = 7.7 Hz, 1H), 7.30 (t, J = 7.7 Hz, 1H), 6.10 (s, 1H), 4.37 (s, 2H), 2.40 (s, 3H); 13C-NMR (100 MHz, 
CDCl3): d 199.4, 140.3, 138.3, 136.5, 128.1, 124.2, 124.0, 122.2, 121.7, 95.1, 73.6, 32.7, 11.7; HRMS (EI): calcd for 
C17H10O5SCo2 ([M-CO]+): 443.8913, found: 443.8926. 
 
Functionalization of 1-methylindole (59) 
 
Procedure A was followed and used (4-F-C6H4)3PAuNTf2 (3.96 mg, 5.0 µmol). The crude mixture was purified by 
silica gel column chromatography (Hexane) to give 60 (15.7 mg, 34.4 µmol, 69%). 
 
Functionalization of 1-methoxynaphthalene (163) 
 
Procedure A was followed and used (4-F-C6H4)3PAuNTf2 (1.98 mg, 2.5 µmol). The crude mixture was purified by 
silica gel column chromatography (Hexane) to give 164 (16.6 mg, 34.7 µmol, 69%), 165 (5.17 mg, 10.7 µmol, 21%), 
166 (3.22 mg, 4.2 µmol, 8%). 
 
164: red oil; IR (neat): 2016 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.30 (d, J = 8.2 Hz, 1H), 8.01 (d, J = 8.2 Hz, 1H), 
7.58 (t, J = 7.2 Hz, 1H), 7.50 (t, J = 7.2 Hz, 1H), 7.30 (d, J = 7.2 Hz, 1H), 6.74 (d, J = 7.2 Hz, 1H), 5.94 (s, 1H), 4.49 
(s, 2H), 3.98 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 199.6, 155.2, 132.2, 128.8, 126.9, 126.5, 126.1, 125.1, 123.7, 
122.8, 103.3, 97.4, 73.7, 55.5, 37.5; HRMS (EI): calcd for C15H12O2Co2 ([M-5CO]+): 341.9501, found: 341.9494. 
 
165: red oil; IR (neat): 2020 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.10 (d, J = 8.2 Hz, 1H), 7.82 (d, J = 8.2 Hz, 1H), 
7.61 (d, J = 8.2 Hz, 1H), 7.54-7.43 (m, 2H), 7.46 (dt, J = 8.2 Hz, J = 1.5 Hz, 1H), 7.38 (d, J = 8.2 Hz, 1H), 6.07 (s, 
1H), 4.30 (s, 2H), 3.99 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 199.7, 153.7, 134.4, 128.4, 128.2, 128.1, 126.0, 
125.7, 125.6, 124.3, 122.3, 96.6, 73.6, 62.2, 34.3; HRMS (EI): calcd for C15H12O2Co2 ([M-5CO]+): 341.9501, found: 
341.9510. 
 
166: red oil; IR (neat): 2018 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.15-8.10 (m, 1H), 8.06-8.01 (m, 1H), 7.58-7.50 
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d 199.7, 153.5, 133.1, 132.0, 129.2, 128.7, 127.9, 126.02, 125.99, 124.3, 123.1, 96.8, 96.2, 73.8, 73.5, 62.2, 37.3, 
34.3; HRMS (EI): calcd for C28H14O12Co4 ([M-CO]+): 777.7813, found: 777.7826. 
 
Functionalization of naproxen methyl ester (71) 
 
Procedure D was followed and used (4-F-C6H4)3PAuNTf2 (1.98 mg, 2.5 µmol). The crude mixture was purified by 
silica gel column chromatography (AcOEt : Hexane = 1 : 30), and then fluorous silica gel column chromatography 
to give 30 (27.5 mg, 48.4 µmol, 97%).  
 
Functionalization of O-methyl estrone (25) 
 
Procedure C was followed and used (4-F-C6H4)3PAuNTf2 (7.92 mg, 10 µmol). The crude mixture was purified by 
silica gel column chromatography (AcOEt : Hexane = 1 : 20) to give a mixture of 26 and 27 (62.02 mg).  
 
Functionalization of indometacin methyl ester (72) 
 
Procedure C was followed and used (4-F-C6H4)3PAuNTf2 (7.92 mg, 10 µmol). The crude mixture was purified by 
silica gel column chromatography (AcOEt : Hexane = 1 : 50 to AcOEt : Hexane = 1 : 20) to give 73 (15.6 mg, 22.5 
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Functionalization of mestranol (36) 
 
Procedure B was followed and used (4-F-C6H4)3PAuNTf2 (7.92 mg, 10 µmol). The crude mixture was purified by 
silica gel column chromatography (Pentane) to give a mixture of 52 and 53 (12.56 mg) and a mixture of 55 and 56 
(21.98 mg). 
 
Functionalization of podophylltoxin TBS ether (37). 
 
Procedure C was followed and used (4-F-C6H4)3PAuNTf2 (7.92 mg, 10 µmol). The crude mixture was purified by 
silica gel column chromatography (AcOEt : Hexane = 1 : 50 to 1 : 4) to give 90 (9.58 mg, 11.2 µmol, brsm 99%). 
 
Functionalization of guaiazulene (38) 
 
Procedure C was followed and used (4-F-C6H4)3PAuNTf2 (7.92 mg, 10 µmol). The crude mixture was purified by 
silica gel column chromatography (Pentane) to give 168 (9.05 mg, 19.2 µmol, 38%). 
 
168: black oil; IR (neat): 2021 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.06 (d, J = 2.0 Hz, 1H), 7.48 (s, 1H), 7.30 (d, 
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6.8 Hz, 6H); 13C-NMR (150 MHz, CDCl3): d 199.8, 144.6, 140.5, 139.6, 138.2, 134.6, 133.7, 131.8, 126.7, 126.0, 
124.5, 99.6, 73.9, 37.7, 36.2, 26.5, 24.5, 12.7; HRMS (EI): calcd for C24H20O6Co2 ([M]+): 521.9924, found: 521.9934. 
 
7. Decomplexation of dicobalt hexacarbonyl complexes 
Decomplexation of 136 
 
To solution of functionalized compound 136 (5.32 mg, 35 µmol) in THF (0.35 mL) and DMF (0.35 mL) was 
dropwised 1 M TBAF in THF (0.14 mL, 0.14 mmol) at room temperature. The reaction mixture was stirred at the 
same temperature for 2 h. The solution was quenched with saturated aqueous NH4Cl (1 mL) at room temperature and 
extracted with Et2O (5 mL × 3). The combined organic layers were dried over MgSO4, filtered, and concentrated 
under vacuo. The residue was purified by column chromatography on silica gel (Hexane) to 171 (5.32 mg, 27.1 µmol, 
78%). 
 
171: white solid; IR (neat): 3291 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.06 (d, J = 8.3 Hz, 1H), 7.88-7.72 (m, 2H), 
7.54 (t, J = 7.3 Hz, 1H), 7.37 (t, J = 7.3 Hz, 1H), 7.28 (d, J = 8.8 Hz, 1H), 4.00 (d, J = 2.9 Hz, 2H), 3.98 (s, 3H), 1.97 
(t, J = 2.9 Hz, 1H); 13C-NMR (100 MHz, CDCl3): d 154.0, 132.6, 129.3, 129.0, 128.5, 126.8, 123.6, 123.3, 117.7, 
113.6, 82.9, 67.9, 56.9, 14.4;  HRMS (EI): calcd for C14H12O ([M]+): 196.0888, found: 196.0895. 
 
1-Pot propargylation 
1-Pot propargylation of 151 
 
A solution of reagent 33 (50 mg, 60 µmol), 151 (50 µmol) and MS4A (50 mg) in DCE (1.0 mL) was added (4-F-
C6H4)3PAuNTf2 (3.96 mg, 5.0 µmol) at room temperature. The reaction mixture was stirred at the same temperature 
for 15 min. The reaction mixture was concentrated in vacuo. The residue was dissolved in THF (0.5 mL) and DMF 
(0.5 mL) and dropwised 1 M TBAF in THF (0.25 mL, 0.25 mmol) at room temperature. The reaction mixture was 
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temperature and extracted with Et2O (5 mL × 3). The combined organic layers were dried over MgSO4, filtered, and 
concentrated under vacuo. The residue was purified by column chromatography on silica gel (AcOEt : Hexane = 1 : 
20 to 1 : 4) to 172 (9.10 mg, 40.2 µmol, 80%). 
 
172: white solid; IR (neat): 3407 (br), 3288 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.07 (d, J = 8.7 Hz, 1H), 7.83-7.75 
(m, 2H), 7.55 (dd, J = 9.2 Hz, J = 1.4 Hz, 1H), 7.34 (d, J = 9.2 Hz, 1H), 4.84 (s, 2H), 4.03-3.95 (m, 5H), 1.98 (t, J = 
2.7 Hz, 1H), 1.70 (brs, 1H); 13C-NMR (100 MHz, CDCl3): d 154.1, 136.0, 132.2, 129.2, 128.9, 126.2, 123.9, 120.3, 
117.7, 113.9, 82.8, 67.9, 65.4, 56.8, 14.4;  HRMS (EI): calcd for C15H14O2 ([M]+): 226.0994, found: 226.0991. 
 
1-Pot propargylation of 71 
 
A solution of reagent 33 (50 mg, 60 µmol), 71 (50 µmol) and MS4A (50 mg) in DCE (1.0 mL) was added (4-F-
C6H4)3PAuNTf2 (3.96 mg, 5.0 µmol) at room temperature. The reaction mixture was stirred at the same temperature 
for 15 min. The reaction mixture was concentrated in vacuo. The residue was dissolved in THF (0.5 mL) and DMF 
(0.5 mL) and dropwised 1 M TBAF in THF (0.15 mL, 0.15 mmol) at room temperature. The reaction mixture was 
stirred at the same temperature for 3 h. The solution was quenched with saturated aqueous NH4Cl (2 mL) at room 
temperature and extracted with Et2O (5 mL × 3). The combined organic layers were dried over MgSO4, filtered, and 
concentrated under vacuo. The residue was purified by column chromatography on silica gel (AcOEt : Hexane = 1 : 
50 to 1 : 30) and then fluorous silica gel column chromatography to give 100 (11.4 mg, 40.5 µmol, 81%).  
 
Synthesis of substrates 
Tert-butyl((6-methoxynaphthalen-2-yl)methoxy)dimethylsilane (151) 
 
To a solution of alcohol E5 (94 mg, 0.5 mmol) and imidazole (64 mg, 1.0 mmol) in DMF (1.7 mL) was added TBSCl 
(150 mg, 1.0 mmol) at 0 °C. The reaction mixture was stirred for 6 h at room temperature. The solution was quenched 
with saturated aqueous NH4Cl (2 mL) at 0 °C and extracted with Et2O (5 mL × 3). The combined organic layers were 
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by column chromatography on silica gel (AcOEt : Hexane = 1 : 30) to give TBS ether 151 (153 mg, quant.). 
 
151: white solid; IR (neat): 1606 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.76-7.67 (m, 3H), 7.45 (d, J = 8.7 Hz, 1H), 
7.13 (dd, J = 7.2 Hz, J = 2.4 Hz, 1H), 7.12 (s, 1H), 4.86 (s, 2H), 3.92 (s, 3H), 0.96 (s, 9H), 0.12 (s, 6H); 13C-NMR 
(100 MHz, CDCl3): d 157.4, 136.8, 133.8, 129.3, 128.8, 126.7, 125.3, 124.4, 118.7, 105.8, 65.2, 55.3, 26.0, 18.5, -




To a solution of alcohol E5 (94 mg, 0.5 mmol) and imidazole (136 mg, 2.0 mmol) in DMF (3.3 mL) was dropwised 
TMSCl (0.19 mL, 1.5 mmol) at 0 °C. The reaction mixture was stirred for 1.5 h at room temperature. The solution 
was quenched with H2O (2 mL) at 0 °C and extracted with Hexane (5 mL × 2). The combined organic layers were 
dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified by column chromatography on 
silica gel (AcOEt : Hexane = 1 : 100) to give TMS ether 153 (87.7 mg, 0.34 mmol, 67%). 
 
153: white solid; IR (neat): 1609 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.84-7.64 (m, 3H), 7.40 (dd, J = 8.5 Hz, J = 
1.4 Hz, 1H), 7.18-7.08 (m, 2H), 4.82 (s, 2H), 3.92 (s, 3H), 0.17 (s, 9H) ; 13C-NMR (100 MHz, CDCl3): d 157.5, 136.2, 
133.9, 129.3, 128.8, 126.9, 125.7, 125.0, 118.7, 105.7, 64.8, 55.3, -0.3;  HRMS (EI): calcd for C15H20O2Si (M+): 
260.1233, found: 260.1233. 
 
Tert-butyl ((6-methoxynaphthalen-2-yl)methyl)carbamate (155) 
 
To a solution of alcohol E6 (263 mg, 1.38 mmol), carbamate E5 (235 mg, 0.77 mmol), and PPh3 (367 mg, 1.54 
mmol) in benzene (4.5 mL) was dropwised ca. 2.2 M DEAD in toluene (0.71 mL, 1.56 mmol) at 0 °C. The reaction 
mixture was stirred overnight at room temperature. The solution was quenched with H2O (5 mL) at 0 °C and extracted 
with CH2Cl2 (7 mL × 3). The combined organic layers were dried over MgSO4, filtered, and concentrated under 
vacuo. The residue was purified by column chromatography on silica gel (CHCl3) to give carbamate E7 (crude). 
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acid (0.11 mL, 1.54 mmol) at room temperature. The reaction mixture was stirred overnight. The solution was 
quenched with saturated aqueous NaHCO3 (5 mL) and extracted with Et2O (8 mL × 3). The combined organic layers 
were dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified by column chromatography 
on silica gel (AcOEt : Hexane = 1 : 5) to give carbamate E8 (156 mg, 0.54 mmol, 71% over 2 steps).  
 
E8: white solid; IR (neat): 3350 (br), 1697 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.71 (d, J = 8.7, 1H), 7.70 (d, J = 
8.7, 1H), 7.64 (s, 1H), 7.37 (d, J = 8.2 Hz, 1H), 7.20-7.08 (m, 2H), 4.87 (brs, 1H), 4.44 (d, J = 5.3 Hz, 2H), 3.92 (s, 
3H), 1.48 (s, 9H); 13C-NMR (100 MHz, CDCl3): d 157.5, 155.9, 134.0, 133.7, 129.0, 128.7, 127.0, 126.2, 125.7, 
118.8, 105.6, 79.2, 55.1, 44.6, 28.3;  HRMS (EI): calcd for C17H21NO3 (M+): 287.1521, found: 287.1504. 
 
To a solution of carbamate E8 (156 mg, 0.54 mmol) in DMF (1.8 mL) was added 60% NaH (82 mg, 1.4 mmol) at 
0 °C. The reaction mixture was stirred for 30 min at room temperature. The reaction mixture cooled to 0 °C and 
added MeI (86 µL, 1.0 mmol). The reaction mixture was allowed to room temperature and stirred for 5 h. The solution 
was quenched with saturated aqueous NH4Cl (2 mL) at 0 °C and extracted with Et2O (5 mL × 3). The combined 
organic layers were dried over MgSO4, filtered, and concentrated under vacuo. The residue was purified by column 
chromatography on silica gel (AcOEt : Hexane = 1 : 10) to give carbamate 155 (149 mg, 0.49 mmol, 91%). 
 
155 (a mixture of two rotamers): yellowish oil; IR (neat): 1692 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.69 (d, J = 8.3, 
1H), 7.68 (d, J = 8.9, 1H), 7.56 (s, 1H), 7.32 (brs, 1H), 7.19-7.05 (m, 2H), 4.52 (s, 2H), 3.88 (s, 3H), 2.86 (brs, 1.5H), 
2.79 (brs, 1.5H), 1.50 (s, 9H); 13C-NMR (150 MHz, CDCl3): d 157.6, 156.2, 155.9, 133.8, 133.2, 129.1, 128.8, 127.2, 
126.6, 126.3, 126.0, 125.8, 118.9, 105.7, 79.7, 55.2, 52.7, 52.0, 33.8, 28.5;  HRMS (EI): calcd for C18H23NO3 (M+): 
301.1678, found: 301.1702. 
 
(9H-Fluoren-9-yl)methyl ((6-methoxynaphthalen-2-yl)methyl)(methyl)carbamate (S30) 
 
To a solution of carbamate 155 (160 mg, 0.53 mmol) in CH2Cl2 (5.3 mL) was dropwised TFA (0.41 mL, 5.3 mmol) 
at 0 °C. The reaction mixture was stirred at room temperature for 24 h. The solution was quenched with 1 M NaOH 
(10 mL) at 0 °C and extracted with CH2Cl2 (15 mL × 3). The combined organic layers were dried over MgSO4, 
filtered, and concentrated under vacuo to give amine E9 (73.8 mg, <0.36 mmol, <67%). 
To solution of crude in THF (3.6 mL) was added K2CO3 (150 mg, 1.09 mmol) and FmocCl (140 mg, 0.54 mmol) at 
0 °C. The reaction mixture was stirred at the same temperature overnight. The solution was quenched with saturated 
aqueous NH4Cl (5 mL) at 0 °C and extracted with Et2O (8 mL × 3). The combined organic layers were dried over 
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(toluene : Hexane = 1 : 8) to give carbamate 157 (149 mg, 0.35 mmol, 66% over 2 steps). 
 
157 (a mixture of two rotamers): amorphous; IR (neat): 1699 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.85-7.56 (m, 
5H), 7.55-7.22 (m, 5H), 7.21-7.07 (m, 4H), 4.63 (s, 1H), 4.51 (s, 3H), 4.30 (brs, 0.5H), 4.25 (brs, 0.5H), 3.93 (s, 3H), 
2.92 (brs, 1.5H), 2.87 (brs, 1.5H) ; 13C-NMR (150 MHz, CDCl3): d 157.6, 156.7, 156.3, 144.03, 143.96, 141.3, 133.9, 
132.5, 132.3, 129.2, 128.7, 127.6, 127.3, 127.0, 126.5, 125.8, 125.7, 125.0, 124.8, 119.9, 118.9, 105.7, 67.4, 55.2, 
52.6, 52.2, 47.4, 47.3, 34.4, 33.4; HRMS (EI): calcd for C28H25NO3 (M+): 423.1834, found: 423.1815. 
 
<Chapter 3> 
Identification of difluoropropargyl bromide dicobalt complex 37 
 
To a solution of triisopropylsilyldifluorobromopropyne (36) (31.0 mg, 1.00 mmol) in CDCl3 (0.7 mL) was added 
Co2(CO)8 (53.2 mg, 1.56 mmol) and stirred at room temperature. After 3 h, the reaction mixture was monitored by 
19F-NMR and observed a new fluorine peak derived from 37. The analytical sample was obtained by silica gel column 
chromatography (hexane).  
 
37: red oil; IR (neat): 2033 cm-1; 1H-NMR (600 MHz, CDCl3): d 1.23 (s, 21H); 13C-NMR (150 MHz, CDCl3): d 
198.5, 118.4 (t, 1JCF = 299.1 Hz), 104.2 (t, 2JCF = 35.4 Hz), 74.6, 19.0, 14.0; 19F-NMR (560 MHz, CDCl3): d -27.7 
(s, 2F); HRMS (EI): calcd for C17H2179BrCo2F2O5Si ([M-CO]+): 567.8974, found: 567.8952. 
 
Etherification of alcohol substrates 
Standard procedure for the etherification of alcohol substrates 
Procedure A: A solution of 36 (0.15 mmol) and Co2(CO)8 (0.15 mmol) in toluene (1 mL) was stirred at room 
temperature. After 3 h, alcohol (0.1 mmol), triethylamine (0.15 mmol) and AgOTf (0.15 mmol) were added and 
stirred until completion of the reaction as monitored by TLC. The reaction mixture was diluted with saturated aqueous 
NaHCO3 (1 mL) and extracted with AcOEt (5mL × 2). The combined organic layers were washed with brine and 
dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by flash silica gel column 
chromatography (Because desired products were converted to corresponded esters during silica gel column 
chromatography, the eluent containing 1% Et3N was used.). 
 
Procedure B: A solution of 36 (0.15 mmol) and Co2(CO)8 (0.15 mmol) in toluene (1 mL) was stirred at room 
temperature. After 3 h, alcohol (0.1 mmol), DTBMP (0.15 mmol) and AgOTf (0.15 mmol) were added and stirred 












NaHCO3 (1 mL) and extracted with AcOEt (5mL × 2). The combined organic layers were washed with brine and 
dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by flash silica gel column 
chromatography (Because desired products were converted to corresponded esters during silica gel column 
chromatography, the eluent containing 1% Et3N was used.). 
 
Etherification of phenylethylalcohol 
The procedure A was followed with a reaction time of 10 min. The yield determined by 1H-NMR (99%). The 
analytical sample was purified by flash silica gel column chromatography (hexane containing 1% Et3N).  
When the procedure A was followed with a reaction time of 10 min without Et3N in CH2Cl2, Ester 175 was obtained 
(85%, 1H-NMR yield). The analytical sample was purified by flash silica gel column chromatography (AcOEt : 
hexane = 1 : 20). 
 
 
174: red oil; IR (neat): 2029 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.29 (t, J = 7.6 Hz, 2H), 7.25-7.19 (m, 3H), 4.26 
(t, J = 7.2 Hz, 2H), 2.98 (t, J = 7.2 Hz, 2H), 1.32-1.08 (m, 21H); 13C-NMR (150 MHz, CDCl3): d 199.2, 137.4, 128.7, 
128.5, 126.6, 125.0 (t, 1JCF = 255.8 Hz), 101.3 (t, 2JCF = 49.9 Hz), 72.2, 64.9 (t, 3JCF = 5.1 Hz), 35.5, 18.8, 13.7; 19F-




175: red oil; IR (neat): 2029, 1708 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.29 (t, J = 7.2 Hz, 2H), 7.25-7.19 (m, 3H), 
4.49 (t, J = 7.0 Hz, 2H), 3.01 (t, J = 7.0 Hz, 2H), 1.25 (quint, J = 7.2 Hz, 3H), 1.15 (d, J = 7.2 Hz, 18H); 13C-NMR 
(150 MHz, CDCl3): d 199.1, 170.0, 137.4, 128.7, 128.5, 126.6, 95.6, 75.0, 66.5, 34.9, 18.8, 13.4; HRMS (EI): calcd 
for C21H30Co2O3Si ([M-5CO]+): 476.0628, found: 476.0628. 
 
Etherification of 4-methoxyphenethyl alcohol 
The procedure A was followed with a reaction time of 30 min. The crude was purified by flash silica gel column 




















176: red oil; IR (neat): 2029 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.14 (d, J = 8.2 Hz, 2H), 6.83 (d, J = 8.2 Hz, 2H), 
4.21 (t, J = 7.3 Hz, 2H), 3.79 (s, 3H), 2.91 (t, J = 7.3 Hz, 2H), 1.36-1.04 (m, 21H); 13C-NMR (100 MHz, CDCl3): 
d 199.2, 158.4, 129.7, 129.4, 124.9 (t, 1JCF = 256.1Hz), 113.9, 101.4 (t, 2JCF = 50.5 Hz), 72.2, 65.2 (t, 3JCF = 5.4 Hz), 
55.2, 34.7, 18.8, 13.7; 19F-NMR (560 MHz, CDCl3): d -60.2 (s, 2F); HRMS (EI): calcd for C21H32Co2F2O2Si ([M-
6CO]+): 500.0804, found: 500.0815. 
 
Etherification of 3-bromo-4-methoxy-phenethyl alcohol 
The procedure A was followed with a reaction time of 60 min. The crude was purified by flash silica gel column 
chromatography (hexane containing 1% Et3N) to provide 177 (59.4 mg, 79.4 µmol, 79%). 
 
177: red oil; IR (neat): 2029 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.41 (d, J = 1.9 Hz, 1H), 7.13 (dd, J = 8.3 Hz, 1.9 
Hz, 1H), 6.82 (d, J = 8.3 Hz, 1H), 4.22 (t, J = 7.1 Hz, 2H), 3.87 (s, 3H), 2.90 (t, J = 7.1 Hz, 2H), 1.31-0.94 (m, 
21H); 13C-NMR (100 MHz, CDCl3): d 199.2, 154.6, 133.5, 131.1, 128.6, 124.9 (t, 1JCF = 255.6 Hz), 112.0, 111.6, 
101.1 (t, 2JCF = 48.3 Hz), 72.2, 64.7 (t, 3JCF = 5.3 Hz), 56.3, 34.3, 18.8, 13.7; 19F-NMR (560 MHz, CDCl3): d -60.2 
(s, 2F); HRMS (EI): calcd for C21H3179BrCo2F2O2Si ([M-6CO]+): 577.9909, found: 577.9889. 
 
Etherification of 4-nitrophenethyl alcohol 
The procedure A was followed, employing 1.5 equiv. of AgNTf2 instead of AgOTf, with a reaction time of 30 min. 
The crude was purified by flash silica gel column chromatography (hexane containing 1% Et3N) to provide 178 (41.8 
mg, 61.1 µmol, 61%). 
 
178: red oil; IR (neat): 2031 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.16 (d, J = 8.7 Hz, 2H), 7.40 (d, J = 8.7 Hz, 2H), 
4.34 (t, J = 6.8 Hz, 2H), 3.10 (t, J = 6.8 Hz, 2H), 1.31-0.94 (m, 21H); 13C-NMR (150 MHz, CDCl3): d 199.1, 146.9, 
145.4, 129.5, 125.0 (t, 1JCF = 256.7 Hz), 123.7, 100.6 (t, 2JCF = 50.9 Hz), 72.3, 63.8, 35.2, 18.8, 13.6; 19F-NMR (560 
MHz, CDCl3): d -60.2 (s, 2F); HRMS (FAB): calcd for C22H29Co2F2NO5Si ([M-4CO]+): 571.0447, found: 571.0436. 
 
Etherification of 4-methoxybenzyl alcohol 
The procedure A was followed with a reaction time of 10 min. The crude was purified by flash silica gel column 

















179: red oil; IR (neat): 2060 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.27 (d, J = 9.5 Hz, 2H), 6.86 (d, J = 9.5 Hz, 2H), 
4.98 (s, 2H), 3.81 (s, 3H), 1.36-1.02 (m, 21H); 13C-NMR (100 MHz, CDCl3): d 199.2, 159.6, 130.1, 127.6, 125.0 (t, 
1JCF = 255.7 Hz), 113.7, 101.4 (t, 2JCF = 48.8 Hz), 72.4, 66.5 (t, 3JCF = 5.8 Hz), 55.2, 18.8, 13.6; 19F-NMR (560 MHz, 
CDCl3): d -59.5 (s, 2F); HRMS (EI): calcd for C23H30Co2F2O5Si ([M-3CO]+): 570.0495, found: 570.0502. 
 
Etherification of (4-trifluoromethyl)benzyl alcohol 
The procedure A was followed with a reaction time of 10 min. The crude was purified by flash silica gel column 
chromatography (hexane containing 1% Et3N) to provide 180 (43.5 mg, 62.8 µmol, 63%). 
 
180: red oil; IR (neat): 2032 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.62 (d, J = 7.8 Hz, 2H), 7.48 (d, J = 7.8 Hz, 2H), 
5.11 (s, 2H), 1.32-1.00 (m, 21H); 13C-NMR (100 MHz, CDCl3): d 199.1, 139.4, 130.5 (q, 1JCF = 33.4 Hz), 128.3, 
125.4, 125.1 (t, 1JCF = 257.0 Hz), 100.5 (t, 2JCF = 48.0 Hz), 72.6, 65.8 (t, 3JCF = 5.4 Hz), 18.8, 13.7; 19F-NMR (560 
MHz, CDCl3): -59.7 (s, 2F), -65.8 (s, 3F); HRMS (EI): calcd for C23H27Co2F5O4Si ([M-3CO]+): 608.0263, found: 
608.0242 . 
 
Etherification of 1-boc-4-hydeoxypiperidine 
The procedure A was followed with a reaction time of 40 min. The crude was purified by flash silica gel column 
chromatography (AcOEt : hexane = 1 : 20 containing 1% Et3N) to provide 181 (63.6 mg, 88.6 µmol, 89%). 
 
181: red oil; IR (neat): 2029, 1701 cm-1; 1H-NMR (600 MHz, CDCl3): d 4.69-4.60 (m, 1H), 3.72 (brs, 2H), 3.27-3.19 
(m, 2H), 1.92 (brs, 2H), 1.71 (brs, 2H), 1.46 (s, 9H), 1.25 (sept, J = 7.4 Hz, 3H), 1.18 (d, J = 7.4 Hz, 18H); 13C-NMR 
(150 MHz, CDCl3): d 199.2, 154.7, 125.2 (t, 1JCF = 256.5 Hz), 101.6 (t, 2JCF = 49.9 Hz), 79.7, 72.0, 40.9, 32.0, 28.4, 
18.9, 13.6; 19F-NMR (560 MHz, CDCl3): d -57.2 (s, 2F); HRMS (EI): calcd for C25H39Co2F2NO6Si ([M-3CO]+): 
633.1179, found: 633.1183. 
 
Etherification of 1-Fmoc-4-hydeoxypiperidine 






















chromatography (AcOEt : hexane = 1 : 20 containing 1% Et3N) to provide 182 (72.4 mg, 86.2 µmol, 86%). 
 
182: red oil; IR (neat): 2032, 1705 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.76 (d, J = 7.4 Hz, 2H), 7.57 (d, J = 7.4 Hz, 
2H), 7.40 (t, J = 7.4 Hz, 2H), 7.31 (t, J = 7.4 Hz, 2H), 4.66 (brs, 1H), 4.45 (d, J = 6.6 Hz, 2H), 4.25 (t, J = 6.6 Hz, 
1H), 3.70 (brs, 2H), 3.32 (brs, 2H), 1.90 (brs, 2H), 1.69 (brs, 2H), 1.35-0.96 (m, 21H); 13C-NMR (150 MHz, CDCl3): 
d 199.2, 155.1, 144.0, 141.4, 127.7, 127.0, 125.2 (t, 1JCF = 256.3 Hz), 124.9, 119.9, 101.5 (t, 2JCF = 48.8 Hz), 72.0, 
71.6, 67.2, 47.4, 40.9, 31.9, 18.9, 13.6; 19F-NMR (560 MHz, CDCl3): d -57.3 (s, 1F), -57.2 (s, 1F); HRMS (FAB): 
calcd for C32H41Co2F2NO3Si ([M-6CO]+): 671.1488, found: 671.1484. 
 
Etherification of 2-(4-methoxyphenyl)-1-methyl-2-propanol 
The procedure A was followed, employing 2.0 equiv. of 37, AgOTf, and Et3N, with a reaction time of 10 min. The 
crude was purified by flash silica gel column chromatography (hexane containing 1% Et3N) to provide 183 (44.4 mg, 
63.7 µmol, 64%) and starting material (2.07 mg, 11.5 µmol, 11%). 
 
183: red oil; IR (neat): 2027 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.13 (d, J = 8.2 Hz, 2H), 6.82 (d, J = 8.2 Hz, 2H), 
3.79 (s, 3H), 3.00 (s, 2H), 1.43 (s, 6 H), 1.33-1.02 (m, 21H); 13C-NMR (150 MHz, CDCl3): d 199.4, 158.4, 131.6, 
129.3, 125.7 (t, 1JCF = 256.7 Hz), 113.4, 104.6 (t, 2JCF = 48.8 Hz), 85.9, 71.8, 55.2, 48.1, 26.8, 19.0, 13.7; 19F-NMR 
(560 MHz, CDCl3): d -49.5 (s, 2F); HRMS (FAB): calcd for C26H36Co2F2O5Si ([M-3CO]+): 612.0964, found: 
612.0966. 
 
Etherification of 4-methoxyphenylethyl alcohol using reagent 184 
 
The procedure A was followed, employing 184 instead of 37, with a reaction time of 50 min. The crude was purified 
by flash silica gel column chromatography (hexane containing 1% Et3N) to provide 185 (55.5 mg, 94.3 µmol, 94%). 
184 was prepared from phenyldifluorobromopropyne (39.4 mg, 0.171 mmol) and Co2(CO)8 (54.5 mg, 0.159 mmol). 
 
185: red oil; IR (neat): 2064, 1614 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.52 (d, J = 6.3 Hz, 2H), 7.39-7.22 (m, 3H), 






















NMR (100 MHz, CDCl3): d 198.1, 158.3, 136.5, 130.0, 129.9, 129.8, 128.8, 128.3, 125.5 (t, 1JCF = 255.7 Hz), 113.9, 
88.1, 83.3 (t, 2JCF = 50.1 Hz), 65.2 (t, 3JCF = 4.5 Hz), 55.2, 34.8; 19F-NMR (560 MHz, CDCl3): -62.6 (s, 2F); HRMS 
(EI): calcd for C21H16Co2F2O5 ([M-3CO]+): 503.9630, found: 503.9678. 
 
Etherification of 2-indoleethanol 
The procedure B was followed, employing 1.2 equiv. of DTBMP, AgOTf and 37, with a reaction time of 30 min. The 
crude was purified by flash silica gel column chromatography (AcOEt : hexane = 1 : 8 containing 1% Et3N) to provide 
186 (32.3 mg, 47.7 µmol, 48%). 
 
186: red oil; IR (neat): 3421, 2031 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.98 (brs, 1H), 7.60 (d, J = 7.3 Hz, 1H), 7.37 
(d, J = 7.3 Hz, 1H), 7.20 (t, J = 7.3 Hz, 1H), 7.14 (t, J = 7.3 Hz, 1H), 7.06 (s, 1H), 4.32 (t, J = 7.5 Hz, 1H), 3.14 (t, J 
= 7.5 Hz, 1H), 1.49-0.94 (m, 21H); 13C-NMR (150 MHz, CDCl3): d  199.2, 136.2, 127.4, 125.0 (t, 1JCF = 255.0 Hz), 
119.5, 118.5, 111.6, 111.1, 101.6 (t, 2JCF = 51.3 Hz), 72.2, 64.4, 25.3, 18.9, 13.7; 19F-NMR (560 MHz, CDCl3): d -
60.1 (s, 2F); HRMS (EI): calcd for C25H31Co2F2NO4Si ([M-3CO]+): 593.0654, found: 593.0654. 
 
Etherification of 2-pyridineethanol 
The procedure B was followed with a reaction time of 90 min. The crude was purified by flash silica gel column 
chromatography (AcOEt : hexane = 1 : 8 containing 1% Et3N) to provide 187 (36.8 mg, 57.5 µmol, 58%). 
 
187: red oil; IR (neat): 2029 cm-1; 1H-NMR (400 MHz, CDCl3): d 8.54 (d, J = 4.4 Hz, 1H), 7.58 (t, J = 7.8 Hz, 1H), 
7.18 (d, J = 7.8 Hz, 1H), 7.13 (dd, J = 10.3, 5.4 Hz, 1H), 4.47 (t, J = 6.8 Hz, 2H), 3.14 (t, J = 6.8 Hz, 2H), 1.25-1.09 
(m, 21H); 13C-NMR (100 MHz, CDCl3): d 199.1, 157.7, 149.5, 136.3, 124.9 (t, 1JCF = 255.7 Hz), 123.4, 121.6, 101.3 
(t, 2JCF = 50.0 Hz), 72.2, 63.6 (t, 3JCF = 5.8 Hz), 37.8, 18.8, 13.6; 19F-NMR (560 MHz, CDCl3): d -60.3 (s, 2F); HRMS 
(EI): calcd for C22H29Co2F2NO4Si ([M-3CO]+): 555.0498, found: 555.0488. 
 
Etherification of 2-(4-(piperidin-1-yl)phenyl)ethan-1-ol 
The procedure B was followed with a reaction time of 30 min. The crude was purified by flash silica gel column 
chromatography (AcOEt : hexane = 1 : 20 containing 1% Et3N) to provide 188 (59.6 mg, 82.5 µmol, 83%). 
 




















4.19 (t, J = 7.3 Hz, 2H), 3.11 (t, J = 5.1 Hz, 4H), 2.88 (t, J = 7.3 Hz, 2H), 1.75-1.66 (m, 4H), 1.60-1.53 (m, 2H), 1.33-
1.02 (m, 21H); 13C-NMR (150 MHz, CDCl3): d 199.2, 151.1, 129.3, 127.9, 124.9 (t, 1JCF = 255.8 Hz), 116.8, 101.5 
(t, 2JCF = 49.1 Hz), 72.1, 65.3 (t, 3JCF = 5.1 Hz), 50.9, 34.7, 25.9, 24.3, 18.9, 13.7; 19F-NMR (560 MHz, CDCl3): d -
60.1 (s, 2F); HRMS (EI): calcd for C25H39Co2F2NOSi ([M-6CO]+): 553.1433, found: 553.1438. 
 
Etherification of trans-2-(4-dimethylaminophenyl)-cyclohexanol 
The procedure B was followed, employing benzene instead of toluene, with a reaction time of 15 min. The crude was 
purified by flash silica gel column chromatography (hexane containing 1% Et3N) to provide 189 (43.8 mg, 59.5 µmol, 
60%). 
 
189: red oil; IR (neat): 2026 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.07 (d, J = 8.6 Hz, 2H), 6.68 (d, J = 8.2 Hz, 2H), 
4.51 (td, J = 10.3, 4.1 Hz, 1H), 2.87 (s, 6H), 2.55-2.46 (m, 1H), 2.35 (d, J = 9.6 Hz, 1H), 1.90 (brd, J = 13.7 Hz, 1H), 
1.84 (brd, J = 11.0 Hz, 1H), 1.72 (brd, J = 13.1 Hz, 1H), 1.60-1.40 (m, 4H), 1.38-1.19 (m, 1H), 1.17-1.04 (m, 
21H); 13C-NMR (150 MHz, CDCl3): d 199.2, 149.6, 131.7, 128.2, 124.8 (t, 1JCF = 255.8 Hz), 113.0, 102.1 (t, 2JCF = 
47.6 Hz), 79.1, 71.8, 49.6, 41.0, 35.1, 34.4, 25.8, 25.0, 18.9, 13.7; 19F-NMR (560 MHz, CDCl3): d -54.8 (d, J = 139.5 
Hz, 1F),  -57.3 (d, J = 139.5 Hz, 1F); HRMS (EI): calcd for C26H41Co2F2NOSi ([M-6CO]+): 567.1589, found: 
567.1578. 
 
Etherification of 1-benzyl-4-hydroxypiperidine 
The procedure A without Et3N was followed with a reaction time of 60 min. The crude was purified by flash silica 
gel column chromatography (AcOEt : hexane = 1 : 4 containing 1% Et3N) to provide 190 (54.2 mg, 76.6 µmol, 77%). 
 
190: red oil; IR (neat): 2030 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.43-7.20 (m, 5H), 4.49 (brs, 1H), 3.48 (s, 2H), 
2.72 (brs, 2H), 2.23 (brs, 2H), 2.02-1.96 (m, 2H), 1.90-1.75 (m, 2H), 1.39-1.00 (m, 21H); 13C-NMR (150 MHz, 
CDCl3): d 199.3, 138.2, 129.1, 128.2, 127.1, 125.2 (t, 1JCF = 255.8 Hz), 102.1 (t, 2JCF = 49.9 Hz), 72.6, 71.9, 63.0, 
50.7, 32.3, 18.9, 13.6; 19F-NMR (560 MHz, CDCl3): d 57.1; HRMS (EI): calcd for C25H37Co2F2NO7Si ([M-5CO]+): 
567.1226, found: 567.1208. 
 
Etherification of aminoalcohol  















chromatography (AcOEt : hexane = 1 : 2 containing 1% Et3N) to provide 191 (47.6 mg, 63.5 µmol, 64%). 
 
191: red oil; IR (neat): 3289, 2030 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.33-7.27 (m, 2H), 7.23-7.11 (m, 3H), 4.45-
4.32 (m, 1H), 2.64 (q, J = 7.9 Hz, 4H), 2.43 (t, J = 10.3 Hz, 1H), 2.09 (d, J = 11.0 Hz, 2H), 1.93 (d, J = 12.4 Hz, 2H), 
1.80 (quint, J = 7.2 Hz, 2H), 1.46 (q, J = 11.5 Hz, 2H), 1.33-1.03 (m, 23H); 13C-NMR (150 MHz, CDCl3): 
d 199.3, 142.1, 128.4, 125.8 (t, 1JCF = 255.0 Hz), 102.3 (t, 2JCF = 50.6 Hz), 75.1, 71.8, 55.5, 46.9, 33.8, 32.0, 31.5, 
31.2, 18.9, 13.7; 19F-NMR (560 MHz, CDCl3): -57.6 (s, 2F); HRMS (EI): calcd for C32H43Co2F2NO6Si (M+): 
721.1492, found: 721.1495. 
 
Etherification of 8-amino-1-octanol 
The procedure B was followed with a reaction time of 90 min. To the reaction mixture Ac2O (35 µL, 0.368 mmol) 
and pyridine (81 µL, 1.00 mmol) was added at room temperature and stirred for 1 h. The crude was purified by flash 
silica gel column chromatography (AcOEt : hexane = 1 : 8 to 1: 2 to 1 : 1 containing 1% Et3N) to provide 192 (43.7 
mg, 62.4 µmol, 62%). 
 
192: red oil; IR (neat): 3291, 2029, 1652 cm-1; 1H-NMR (600 MHz, CDCl3): d  5.39 (brs, 1H), 4.01 (t, J = 6.5 Hz, 
2H), 3.22 (q, J = 6.6 Hz, 2H), 1.97 (s, 3H), 1.67-1.60 (m, 2H), 1.53-1.46 (m, 2H), 1.38-1.34 (m, 2H), 1.22-1.31 (m, 
9H), 1.18 (d, J = 6.9 Hz, 18H); 13C-NMR (150 MHz, CDCl3): d 199.2, 167.0, 124.9 (t, 1JCF = 255.0 Hz), 101.7 (t, 
2JCF = 49.9 Hz), 64.5, 39.6, 29.5, 29.1, 29.0, 26.8, 25.7, 23.3, 18.8, 13.6; 19F-NMR (560 MHz, CDCl3): -60.2 (s, 2F); 
HRMS (ESI): calcd for C28H41Co2F2NO8SiNa ([M+Na]+): 726.1131, found: 726.1152. 
 
Etherification of 4-hydroxyphenethyl alcohol 
The procedure A was followed, employing 2 mL of toluene instead of 1 mL with a reaction time of 30 min. The crude 
was purified by flash silica gel column chromatography (AcOEt : Hexane = 1 : 4 containing 1% Et3N) to provide 
193 (26.3 mg, 40.2 µmol, 40%). 
 
193: red oil; IR (neat): 2029 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.09 (d, J = 7.5 Hz, 2H), 6.76 (brs, 2H), 4.21 (t, J 























129.6, 124.9 (t, 1JCF = 254.6 Hz), 115.3, 101.3 (t, 2JCF = 49.5 Hz), 72.1, 65.1, 34.6, 18.8, 13.7; 19F-NMR (560 MHz, 
CDCl3): d -60.2 (s, 2F); HRMS (EI): calcd for C23H30Co2F2O5Si ([M-3CO]+): 570.0496, found: 570.0500. 
 
Etherification of 3-propenyl-4-methoxy-phenethyl alcohol 
The procedure A was followed with a reaction time of 30 min. The crude was purified by flash silica gel column 
chromatography (hexane containing 1% Et3N) to provide 194 (47.14 mg, 66.5 µmol, 67%). 
 
194: red oil; IR (neat): 2032 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.09 (dd, J = 8.3, 1.9 Hz, 1H), 7.03 (d, J = 2.0 Hz, 
1H), 6.79 (d, J = 8.3 Hz, 1H), 5.13 (s, 1H), 5.03 (s, 1H), 4.22 (t, J = 7.4 Hz, 2H), 3.81 (s, 3H), 2.91 (d, J = 7.4 Hz, 
2H), 2.10 (s, 3H), 1.31-1.05 (m, 21H); 13C-NMR (100 MHz, CDCl3): d 199.2, 155.4, 144.3, 132.9, 129.7, 129.2, 
128.4, 124.9 (t, 1JCF = 255.7 Hz), 115.0, 111.0, 101.4 (t, 2JCF = 50.9 Hz), 72.2, 65.1 (t, 3JCF = 5.0 Hz), 55.6, 34.7, 23.1, 
18.9, 13.7; 19F-NMR (560 MHz, CDCl3): d -60.2 (s, 2F); HRMS (EI): calcd for C24H36Co2F2O2Si ([M-6CO]+): 
540.1117, found: 540.1117. 
 
Etherification of trans-2-(3,4-dimethoxy-phenyl)-cyclohexanol 
The procedure A was followed, employing 0.5 mL toluene instead of 1.0 mL, with a reaction time of 60 min. The 
crude was purified by flash silica gel column chromatography (AcOEt : hexane = 1 : 20 containing 1% Et3N) to 
provide 195 (67.7 mg, 89.9 µmol, 90%). 
 
195: red oil; IR (neat): 2028 cm-1; 1H-NMR (400 MHz, CDCl3): d 6.88-6.63 (m, 3H), 4.59 (dt, J = 9.5, 3.9 Hz, 1H), 
3.85 (s, 3H), 3.82 (s, 3H), 2.57 (t, J = 9.8 Hz, 1H), 2.40 (d, J = 11.2 Hz, 1H), 1.89 (t, J = 15.8 Hz, 2H), 1.74 (d, J = 
12.7 Hz, 1H), 1.63-1.22 (m, 4H), 1.22-0.94 (m, 21H); 13C-NMR (100 MHz, CDCl3): d 199.1, 148.7, 147.6, 136.1, 
124.9 (t, 1JCF = 256.6 Hz), 120.0, 111.1, 111.0, 101.8, (t, 2JCF = 48.9 Hz), 78.5, 71.9, 55.8, 55.7, 50.3, 35.7, 34.4, 25.7, 
24.9, 18.8, 13.6; 19F-NMR (560 MHz, CDCl3): d -55.1 (d, J = 156.9 Hz, 1F), -57.1 (d, J = 156.9 Hz, 1F); HRMS 
(EI): calcd for C27H40Co2F2O4Si ([M-5CO]+): 612.1328, found: 612.1326. 
 
Etherification of trans-2-(4-methylthio-phenyl)-cyclohexanol 
The procedure A was followed with a reaction time of 60 min. The crude was purified by flash silica gel column 
















196: red oil; IR (neat): 2028 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.19 (d, J = 8.2 Hz, 2H), 7.13 (d, J = 8.2 Hz, 2H), 
4.55 (td, J = 10.6, 4.1 Hz, 1H), 2.58 (td, J = 11.5, 3.0 Hz, 1H), 2.43 (s, 3H), 2.41-2.35 (m, 1H), 1.95-1.82 (m, 2H), 
1.74 (d, J = 13.0 Hz, 1H), 1.63-1.42 (m, 3H), 1.40-1.30 (m, 1H), 1.19-1.03 (m, 21H); 13C-NMR (150 MHz, CDCl3): 
d 199.2, 140.6, 135.8, 128.3, 127.1, 124.8 (t, 1JCF = 261.0 Hz), 101.7, (t, 2JCF = 48.8 Hz), 78.7, 71.9, 50.2, 35.1, 34.4, 
25.7, 24.9, 18.9, 16.3, 13.7; 19F-NMR (560 MHz, CDCl3): d -55.1 (d, J = 148.2 Hz, 1F), -57.2 (d, J = 148.2 Hz, 1F); 
HRMS (EI): calcd for C25H38Co2F2O7SSi ([M-5CO]+): 570.1045, found: 570.1052. 
 
Etherification of alcohol S11 
The procedure A was followed with a reaction time of 30 min. The crude was purified by flash silica gel column 
chromatography (AcOEt : hexane = 1 : 20 containing 1% TEA) to provide 197 (51.8 mg, 68.8 µmol, 69%). 
 
197: red oil; IR (neat): 2059, 1720 cm-1; 1H-NMR (600 MHz, CDCl3): d 4.57 (d, J = 8.2 Hz, 1H), 4.18-4.10 (m, 1H), 
4.06 (dd, J = 9.6, 2.7 Hz, 1H), 3.94 (brs, 1H), 2.60-2.49 (m, 2H), 2.09 (s, 3H), 1.92-1.74 (m, 2H), 1.43 (s, 9H), 1.26 
(sept, J = 6.8 Hz, 3H), 1.19 (d, J = 6.8 Hz, 18H); 13C-NMR (150 MHz, CDCl3): d 199.1, 155.2, 125.0 (t, 1JCF = 256.7 
Hz), 100.6 (t, 2JCF = 48.8 Hz), 79.6, 72.3, 65.9, 49.0, 31.2, 30.5, 28.3, 18.8, 15.4, 13.7; 19F-NMR (560 MHz, CDCl3): 
-59.7 (s, 2F); HRMS (EI): calcd for C23H41Co2F2NO4SSi ([M-5CO]+): 611.1158, found: 611.1150. 
 
Etherification of N-boc threonine methyl ether 
 
The procedure B was followed with a reaction time of 60 min. The crude was purified by flash silica gel column 
chromatography (AcOEt : hexane = 1 : 20 containing 1% Et3N) to provide 198 (37.0 mg, 49.4 µmol, 50%). 
 
198: red oil; IR (neat): 3457, 2031, 1756, 1724 cm-1; 1H-NMR (400 MHz, CDCl3): d 5.20-5.03 (m, 2H), 4.40 (d, J 
= 9.8 Hz, 1H), 3.75 (s, 3H), 1.50-1.36 (m, 12H), 1.30-1.12 (m, 21H); 13C-NMR (150 MHz, CDCl3): d 199.1, 170.2, 
155.9, 124.9 (t, 1JCF = 258.1 Hz), 100.4 (t, 2JCF = 48.0 Hz), 79.9, 73.4, 72.4, 57.7, 52.5, 28.2, 18.9, 13.7; 19F-NMR 
(560 MHz, CDCl3): -58.4 (d, J = 156.9 Hz, 1F), -57.5 (d, J = 156.9 Hz, 1F); HRMS (FAB): calcd for 






















Etherification of proxyphylline 
 
The procedure A was followed, employing toluene:CH2Cl2 (1 : 1, 1mL) instead of toluene, with a reaction time of 30 
min. The crude was purified by flash silica gel column chromatography (AcOEt : hexane = 1 : 4 to 1 : 1 containing 
1% TEA) to provide 200 (64.9 mg, 86.0 µmol, 86%). 
 
200: red powder; IR (neat): 2030, 1708, 1665 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.51 (s, 1H), 5.08 (brs, 1H), 4.50 
(d, J = 14.0 Hz, 1H), 4.19 (dd, J = 14.0, 7.5 Hz, 1H), 3.57 (s, 3H), 3.43 (s, 3H), 1.43 (d, J = 7.5 Hz, 3H), 1.33-1.03 
(m, 21H); 13C-NMR (150 MHz, CDCl3): d 199.0, 155.4, 151.6, 149.1, 141.8, 125.0 (t, 1JCF = 257.4 Hz), 106.8, 100.1 
(dd, 2JCF = 44.7, 38.8 Hz), 72.8, 71.6, 53.4, 51.9, 29.7, 28.0, 18.8, 13.7; 19F-NMR (560 MHz, CDCl3): d -57.0 (d, J 
= 148.7 Hz, 1F), -57.5 (d, J = 148.7 Hz, 1F); HRMS (ESI): calcd for C28H35Co2F2N4O9Si ([M+H]+): 755.0800, found: 
755.0784. 
 
Etherification of podophyllotoxin 
The procedure B was followed, employing toluene:CH2Cl2 (1 : 1, 1 mL) instead of toluene, with a reaction time of 
30 min. The crude was purified by flash silica gel column chromatography (AcOEt : hexane = 1 : 4 to 1 : 1 containing 
1% TEA) to provide 201 (57.5 mg, 61.8 µmol, 61%) and starting material (15.8 mg, 38.1 µmol, 38%). 
 
201: red amorphous; IR (neat): 2033, 1782 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.02 (s, 1H), 6.51 (s, 1H), 6.35 (s, 
2H), 6.01 (s, 1H), 5.97 (s, 1H), 5.57 (d, J = 8.2 Hz, 1H), 4.62 (d, J = 4.1 Hz, 1H), 4.51 (t, J = 7.5 Hz, 1H), 4.18 (t, J 
= 7.2 Hz, 1H), 3.80 (s, 3H), 3.68 (s, 6H), 3.04-2.89 (m, 2H), 1.33-1.11 (m, 21H); 13C-NMR (150 MHz, CDCl3): 
d 199.0, 173.7, 152.7, 148.2, 147.6, 137.2, 134.9, 132.1, 128.5, 125.5 (t, 1JCF = 257.4 Hz), 109.7, 108.1, 107.4, 101.6, 
99.5 (t, 2JCF = 46.6 Hz), 76.0, 73.0, 71.1, 71.0, 60.7, 56.0, 45.4, 43.7, 38.2, 18.9, 13.7; 19F-NMR (560 MHz, CDCl3): 
d -54.4 (d, J = 148.2 Hz, 1F), -56.3 (d, J = 148.2 Hz, 1F); HRMS (FAB): calcd for C34H42Co2F2O8Si ([M-6CO]+): 


























Etherification of yohimbine 
The procedure A was followed, employing toluene:CH2Cl2 (1 : 3, 2mL) instead of toluene, with a reaction time of 30 
min. The crude was purified by flash silica gel column chromatography (AcOEt : hexane = 1 : 4 to 1 : 1 containing 
1% TEA) to provide 202 (64.7 mg, 74.3 µmol, 74%). 
 
202: red oil; IR (neat): 2030, 1745 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.79 (s, 1H), 7.45 (d, J = 8.2 Hz, 1H), 7.27 
(d, J = 8.9 Hz, 1H), 7.12 (t, J = 7.2 Hz, 1H), 7.07 (t, J = 7.2 Hz, 1H), 5.08 (s, 1H), 3.72 (s, 3H), 3.27 (d, J = 10.9 Hz, 
1H), 3.07-3.03 (m, 1H), 2.99-2.90 (m, 2H), 2.71 (d, J = 12.3 Hz, 1H), 2.61 (td, J = 11.1, 3.9 Hz, 1H), 2.43-2.34 (m, 
2H), 2.21-2.11 (m, 2H), 2.09-2,01 (m, 1H), 1.76-1.62 (m, 1H), 1.57-1.46 (m, 4H), 1.28 (sept, J = 7.4 Hz, 3H), 1.21 
(d, J = 7.4 Hz, 18H); 13C-NMR (150 MHz, CDCl3): d 199.2, 171.3, 135.9, 134.6, 127.3, 125.2 (t, 1JCF = 257.2 Hz), 
121.3, 119.3, 118.0, 110.7, 108.0, 100.6 (dd, 2JCF = 48.4 Hz, 44.1 Hz), 72.9, 72.5, 61.3, 60.4, 60.0, 52.9, 51.6, 51.5, 
40.1, 36.1, 34.0, 31.4, 23.4, 21.7, 19.0, 13.8; 19F-NMR (560 MHz, CDCl3): d -56.7 (d, J = 148.2 Hz, 1F), -57.2 (d, J 
= 148.2 Hz, 1F); HRMS (FAB): calcd for C37H47Co2F2N2O7Si ([M+H-3CO]+): 815.1785, found: 815.1789. 
 
Simultaneous Decomplexation and Desilylation with TASF 
 
To a solution of 195 (19.4 mg, 25.8 µmol) in MeCN (2.5 mL) was added TASF (14.2 mg, 45.8 µmol). The reaction 
mixture was stirred at room temperature for 12 h. The reaction mixture was quenched with saturated aqueous NH4Cl 
(1 mL) and extracted with Et2O (4 mL × 3). The combined organic layer was washed with brine, dried over MgSO4, 
filtered, and concentrated in vacuo. The residue was purified with flash silica gel column chromatography (silica gel 
60 (Merck), AcOEt : hexane = 1 : 20) to give 204 (3.88 mg, 12.5 µmol, 48%). 
204: white solid; IR (neat): 2126 cm-1; 1H-NMR (400 MHz, CDCl3) δ 6.88-6.68 (m, 3H), 4.21 (td, J = 10.5 Hz, 4.5 
Hz, 1H), 3.88 (s, 3H), 3.86 (s, 3H), 2.66-2.46 (m, 2H), 2.36-2.20 (m, 1H), 1.94 (d, J = 13.5 Hz, 1H), 1.87 (d, J = 10.0 
Hz, 1H), 1.77 (d, J = 8.8 Hz, 1H), 1.65-1.14 (m, 4H);13C-NMR (100 MHz, CDCl3): δ 148.4, 147.5, 135.4, 119.5, 
113.4 (dd, 1JCF = 242.5 Hz, 215.1 Hz), 111.5, 110.8, 80.1, 74.0 (dd, 2JCF = 54.9 Hz, 53.3 Hz), 72.2 (t, 2JCF = 6.6 Hz), 
55.80, 55.78, 49.5, 34.0, 33.4, 25.5, 24.8; 19F-NMR (560 MHz, CDCl3): d -54.5 (d, J = 169.3 Hz, 1F), -55.0 (d, J = 




























Decomplexation using Cerium Ammonium Nitrate (CAN) 
Standard procedure: To a solution of cobalt complex in MeCN (0.02 M) was added CAN (4.5 equiv.) at room 
temperature. After 10 min, the reaction was quenched with sat. aqueous Na2S2O3 (1 mL) and extracted with AcOEt 
(4 mL × 3). The combined organic layers were washed with brine, dried over MgSO4, filtered, and concentrated in 
vacuo. The residue was used in the next reaction without further purification. 
To a solution of the residue in THF (0.02 M) was added TBAF (1M in THF, 1.1 equiv.) at -78 ºC. After 15 min, the 
reaction was quenched with sat. aqueous NH4Cl (1 mL) and extracted with Et2O (4 mL × 3). The combined organic 
layers were washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. The residue was purified by 
silica gel column chromatography (Silica gel 60 (Merck) was used.). 
 
Decomplexation and desilylation of ether 176 
On 610 mg (0.913 mmol) scale, the standard procedure was followed with CAN (2.25 g, 4.10 mmol) and TBAF (1M 
in THF, 10 mL, 1.00 mmol). The crude was purified by silica gel column chromatography (Et2O: hexane =1 : 100) 
to provide 205 (147 mg, 65.0 µmol, 71%). 
 
E10: colorless oil; IR (neat): 1613 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.13 (d, J = 8.2 Hz, 2H), 6.84 (d, J = 8.2 Hz, 
2H), 4.05 (t, J = 7.5 Hz, 2H), 3.79 (s, 3H), 2.92 (t, J = 7.5 Hz, 2H), 1.18-1.03 (m, 21H); 13C-NMR (150 MHz, CDCl3): 
d 158.4, 130.0, 129.8, 129.3, 113.6 (t, 1JCF = 239.6 Hz), 95.5 (t, 2JCF = 52.3 Hz), 88.3 (t, 3JCF = 5.0 Hz), 66.6, 55.0 (t, 
2JCF = 5.7 Hz), 34.7, 18.4, 10.9; 19F-NMR (560 MHz, CDCl3): d -57.7 (s, 2F); HRMS (EI): calcd for C21H32F2O2Si 
(M+): 382.2140, found: 382.2136. 
 
 
205: colorless oil; IR (neat): 3230, 2144 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.14 (d, J = 8.2 Hz, 2H), 6.85 (d, J = 
8.2 Hz, 2H), 4.06 (t, J = 7.2 Hz, 2H), 3.79 (s, 3H), 2.92 (t, J = 7.2 Hz, 2H), 2.71 (t, J = 2.7 Hz, 1H); 13C-NMR (100 
MHz, CDCl3): d 158.4, 129.9, 129.1, 114.0, 113.6 (t, 1JCF = 242.8 Hz), 73.6 (t, 2JCF = 54.2 Hz), 73.0 (t, 3JCF = 6.5 
Hz), 66.3, 55.2, 34.6; 19F-NMR (560 MHz, CDCl3): d -59.2 (s, 2F); HRMS (EI): calcd for C12H12F2O2 (M+): 226.0805, 
found: 226.0820. 
 
Decomplexation and desilylation of ether 190 
On 54.1 mg (74.1 µmol) scale, the standard procedure was followed with CAN (183 mg, 0.334 mmol) and TBAF 












8) to provide 206 (12.1 mg, 45.6 µmol, 61%). 
 
E11: colorless oil; IR (neat): 1464, 1252 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.36-7.28 (m, 4H), 7.26-7.22 (m, 1H), 
4.29 (brs, 1H), 3.49 (s, 2H), 2.73 (brs, 2H), 2.20 (brs, 2H), 1.97-1.89 (m, 2H), 1.86-1.75 (m, 2H), 1.17-1.00 (m, 21H); 
13C-NMR (150 MHz, CDCl3): d 138.5, 129.0, 128.2, 127.0, 113.8 (t, 1JCF = 240.6 Hz), 95.8 (t, 2JCF = 53.5 Hz), 88.1 
(t, 3JCF = 5.1 Hz), 73.9, 62.8, 50.7, 32.1, 18.4, 10.9; 19F-NMR (560 MHz, CDCl3): d -53.4 (s, 2F); HRMS (EI): calcd 
for C24H37F2NOSi (M+): 421.2612, found: 421.2584. 
 
 
206: colorless oil; IR (neat): 3301, 2145 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.36-7.22 (m, 5H), 4.31 (brs, 1H), 3.49 
(s, 2H), 2.79-2.64 (m, 3H), 2.64 (brs, 2H), 2.22 (brs, 2H), 1.91-1.75 (m, 2H); 13C-NMR (100 MHz, CDCl3): d 138.4, 
129.0, 128.2, 127.0, 113.7 (t, 1JCF = 243.2 Hz), 74.1 (t, 2JCF = 54.5 Hz), 73.6, 72.6 (t, 3JCF = 5.7 Hz), 62.9, 50.6, 32.1; 
19F-NMR (560 MHz, CDCl3): d -55.6 (s, 2F); HRMS (EI): calcd for C15H17F2NO (M+): 265.1278, found: 265.1279. 
 
Decomplexation and desilylation of ether 182 
On 81.4 mg (96.9 µmol) scale, the standard procedure was followed with CAN (260 mg, 0.474 mmol) and TBAF 
(1M in THF, 0.11 mL, 0.11 mmol). The crude was purified by silica gel column chromatography (AcOEt : hexane = 
1 : 8) to provide 207 (28.4 mg, 71.4 µmol, 74%). 
 
E12: colorless oil; IR (neat): 1706 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.76 (d, J = 7.3 Hz, 2H), 7.57 (d, J = 7.3 Hz, 
2H), 7.40 (t, J = 7.3 Hz, 2H), 7.32 (t, J = 7.3 Hz, 2H), 4.53-4.37 (m, 3H), 4.24 (t, J = 6.2 Hz, 1H), 3.70 (brs, 2H), 
3.33 (brs, 2H), 1.94-1.71 (m, 4H), 1.26-1.00 (m, 21H); 13C-NMR (150 MHz, CDCl3): d 155.1, 144.0, 141.4, 127.7, 
127.0, 124.9, 120.0, 113.7 (t, 1JCF = 241.3 Hz), 95.5 (t, 2JCF = 52.7 Hz), 88.6 (t, 3JCF = 5.1 Hz), 72.4, 67.2, 47.4, 40.8, 
31.5, 18.4, 10.9; 19F-NMR (560 MHz, CDCl3): d -54.1 (s, 2F); HRMS (FAB): calcd for C32H42F2NO3Si ([M+H]+): 




















207: colorless oil; IR (neat): 2138, 1698 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.77 (d, J = 7.5 Hz, 2H), 7.57 (d, J = 
7.5 Hz, 2H), 7.42 (t, J = 7.5 Hz, 2H), 7.30 (t, J = 7.5 Hz, 2H), 4.53-4.34 (m, 3H), 4.24 (t, J = 6.5 Hz, 1H), 3.69 (brs, 
2H), 3.34 (brs, 2H), 2.75 (t, J = 3.4 Hz, 1H), 1.82 (brs, 2H), 1.70 (brs, 2H); 13C-NMR (100 MHz, CDCl3): d 155.1, 
144.0, 141.3, 127.7, 127.0, 124.9, 120.0, 113.6 (t, 1JCF = 243.7 Hz), 73.8 (t, 2JCF = 54.1 Hz), 73.0 (t, 3JCF = 6.1 Hz), 
72.2, 67.2, 47.4, 40.7, 31.5; 19F-NMR (560 MHz, CDCl3): d -56.2 (s, 2F); HRMS (EI): calcd for C23H21F2NO3 (M+): 
397.1489, found: 397.1495. 
 
Decomplexation and desilylation of ether 198 
On 86.4 mg (0.115 mmol) scale, the standard procedure was followed with CAN (288 mg, 0.525 mmol) and TBAF 
(1M in THF, 0.13 mL, 0.130 mmol). The crude was purified by silica gel column chromatography (AcOEt : hexane 
= 1 : 8) to provide 35 (25.3 mg, 82.4 µmol, 72%). 
 
E13: colorless oil; IR (neat): 3451, 1758, 1722 cm-1; 1H-NMR (400 MHz, CDCl3): d 5.24 (d, J = 9.7 Hz, 1H), 5.01-
4.80 (m, 1H), 4.41 (d, J = 9.7 Hz, 1H), 3.75 (s, 3H), 1.47 (s, 9H), 1.39 (d, J = 6.7 Hz, 3H), 1.19-1.01 (m, 21H); 13C-
NMR (100 MHz, CDCl3): d 170.1, 155.9, 113.2 (t, 1JCF = 243.3 Hz), 94.8 (t, 2JCF = 51.2 Hz), 89.2, 80.3, 74.0, 57.7, 
52.6, 28.2, 18.4, 10.8; 19F-NMR (560 MHz, CDCl3): d -53.9 (d, J = 165.7 Hz, 1F), -54.3 (d, J = 165.7 Hz, 1F); HRMS 
(EI): calcd for C15H24F2NO5Si (M+-tBu-iPr): 364.1392, found: 364.1393. 
 
208: colorless oil; IR (neat): 3249, 2141, 1755, 1716 cm-1; 1H-NMR (400 MHz, CDCl3): d 5.25 (d, J = 9.7 Hz, 1H), 
5.02-4.87 (m, 1H), 4.41 (d, J = 9.7 Hz, 1H), 3.76 (s, 3H), 2.76 (t, J = 3.1 Hz, 1H), 1.47 (s, 9H), 1.40 (d, J = 6.3 Hz, 
3H); 13C-NMR (100 MHz, CDCl3): d 170.1, 155.9, 113.1 (t, 1JCF = 245.8 Hz), 80.3, 73.9, 73.3 (t, 3JCF = 6.6 Hz), 73.2 
(t, 2JCF = 52.8 Hz), 57.6, 53.0, 28.2, 18.4; 19F-NMR (560 MHz, CDCl3): d -56.3 (d, J = 166.0 Hz, 1F), -57.1 (d, J = 
166.0 Hz, 1F); HRMS (EI): calcd for C13H19F2NO5 (M+): 307.1231, found: 307.1224. 
 
Decomplexation and desilylation of ether 200 
To a solution of cobalt complex 28 (101 mg, 0.134 mmol) in acetone (5.4 mL) was added CAN (300 mg, 0.547 



















with Et2O (10 mL × 2). The combined organic layers were washed with brine, dried over MgSO4, filtered, and 
concentrated in vacuo. The residue was purified by silica gel column chromatography (AcOEt : hexane = 1 : 1) to 
give E14 (52.0 mg, 0.111 mmol, 83%). 
 To a solution of E14 (71.8 mg, 0.153 mmol) in THF (7.7 mL) was added TBAF (1M in THF; 0.17 mL, 0.170 mmol) 
at -78 ºC. After 15 min, the reaction was quenched with sat. aqueous NH4Cl (2 mL) and extracted with Et2O (4 mL 
× 3). The combined organic layers were washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. 
The residue was purified by silica gel column chromatography to give 209 (45.6 mg, 0.146 mmol, 95%).  
 
E14: colorless oil; IR (neat): 1708, 1664 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.60 (s, 1H), 4.83-4.69 (m, 1H), 4.57 
(dd, J = 14.4 Hz, 2.4 Hz, 1H), 4.26 (dd, J = 14.4 Hz, 7.4 Hz, 1H), 3.60 (s, 3H), 3.41 (s, 3H), 1.40 (d, J = 7.4 Hz, 3H), 
1.17-0.97 (m, 21H); 13C-NMR (100 MHz, CDCl3): d 155.4, 151.6, 148.8, 142.1, 113.2 (t, 1JCF = 248.7 Hz), 106.6, 
94.7 (t, 2JCF = 51.2 Hz), 89.3 (t, 3JCF = 4.9 Hz), 72.5, 51.2, 29.8, 27.9. 18.3, 10.8; 19F-NMR (560 MHz, CDCl3): d -
54.5 (d, J = 165.7 Hz), -55.0 (d, J = 165.7 Hz),; HRMS (EI): calcd for C22H34F2N4O3Si (M+): 468.2368, found: 
468.2345. 
 
209: white solid; mp = 130-131 ºC; IR (neat): 2144, 1704, 1659 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.60 (s, 1H), 
4.83-4.73 (m, 1H), 4.57 (d, J = 13.7 Hz, 1H), 4.22 (dd, J = 8.4, 8.2 Hz, 1H), 3.60 (s, 3H), 3.41 (s, 3H), 2.68 (t, J = 
3.1 Hz, 1H), 1.41 (d, J = 6.2 Hz, 3H); 13C-NMR (100 MHz, CDCl3): d 155.4, 151.6, 148.9, 142.1, 113.2 (t, 1JCF = 
245.6 Hz), 106.7, 73.3 (t, 3JCF = 6.5 Hz), 73.1 (t, 2JCF = 52.7 Hz), 72.4, 51.3, 29.8, 27.9, 18.5; 19F-NMR (560 MHz, 
CDCl3): d -57.0 (d, J = 156.9 Hz), -57.5 (d, J = 156.9 Hz); HRMS (EI): calcd for C13H14F2N4O3 (M+): 312.1034, 
found: 312.1038. 
 
Decomplexation and desilylation of ether 185 
To a solution of cobalt complex (55.5 mg, 94.3 µmol) in MeCN (4.7 mL) was added CAN (250 mg, 0.456 mmol) at 
room temperature. After 10 min, the reaction was quenched with sat. aqueous Na2S2O3 (2 mL) and extracted with 
Et2O (10 mL × 2). The combined organic layers were washed with brine, dried over MgSO4, filtered, and concentrated 




















mg, 75.4 µmol, 80%). 
 
210: colorless oil; IR (neat): 2248, 1613 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.52 (d, J = 6.8 Hz, 2H), 7.47-7.31 (m, 
3H), 7.17 (d, J = 8.7 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 4.12 (t, J = 7.2 Hz, 2H), 3.79 (s, 3H), 2.96 (t, J = 7.2 Hz, 2H); 
13C-NMR (100 MHz, CDCl3): d 158.4, 132.3, 130.1, 129.9, 129.2, 128.5, 119.6, 114.9 (t, 1JCF = 242.5 Hz), 113.9, 
84.4 (t, 2JCF = 6.1 Hz), 78.8 (t, 2JCF = 54.1 Hz), 66.3 (t, 3JCF = 3.3 Hz), 55.2, 34.7; 19F-NMR (560 MHz, CDCl3): d -
57.5 (s, 2F); HRMS (EI): calcd for C18H16F2O2 (M+): 302.1118, found: 302.1157. 
 
3. Decomplexation using N,N,N’-trimethyl ethylenediamine 
Standard procedure: To a solution of cobalt complex in Et2O (0.02 M) was added N,N,N’-trimethyl ethylenediamine 
(6 equiv.) at room temperature. After completed the reaction, the reaction mixture was added H2O (2 mL) and Et2O 
(2 mL) and extracted with Et2O (5 mL × 3). The combined organic layers were washed with brine, dried over MgSO4, 
filtered, and concentrated in vacuo. The residue was purified with flash silica gel column chromatography. 
To a solution of the residue in THF (0.02 M) was added TBAF (1M in THF, 1.1 equiv.) at -78 ºC. After 15 min, the 
reaction was quenched with sat. aqueous NH4Cl (1 mL) and extracted with Et2O (4 mL × 3). The combined organic 
layers were washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. The residue was purified by 
silica gel column chromatography (Silica gel 60 (Merck) was used.). 
 
Decomplexation of ether 188 
On 76.3 mg (106 µmol) scale, the standard procedure was followed with N,N,N’-trimethyl ethylenediamine (87 µL, 
0.635 mmol) in Et2O (5.2 mL) for 12 h. The crude was purified by silica gel column chromatography (AcOEt : 
hexane = 1 : 20) to provide 211 (42.4 mg, 97.3 µmol, 92%). 
 
211: colorless oil; IR (neat): 1614, 1385 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.09 (d, J = 8.2 Hz, 2H), 6.87 (d, J = 
8.2 Hz, 2H), 4.04 (t, J = 7.6 Hz, 2H), 3.12 (t, J = 5.3 Hz, 2H), 2.90 (t, J = 7.6 Hz, 2H), 1.75-1.65 (m, 4H), 1.61-1.51 
(m, 2H), 1.26-1.03 (m, 21H); 13C-NMR (100 MHz, CDCl3): d 151.0, 129.5, 127.7, 116.7, 113.6 (t, 1JCF = 242.6 Hz), 
95.5 (t, 2JCF = 52.4 Hz), 88.2 (t, 2JCF = 5.3 Hz), 66.7, 50.8, 34.7, 25.9, 24.3, 18.4, 10.9; 19F-NMR (560 MHz, CDCl3): 
d -57.6 (s, 2F); HRMS (EI): calcd for C25H39F2NO2Si (M+): 435.2769, found: 435.2742. 
 
On 35.8 mg (82.2 mmol) scale, the standard procedure was followed with TBAF (1M in THF, 90 µL, 90 µmol) in 













28.6 mg of the crude mixture containing 215 (71.7 µmol, 87%). Yield determined 1H-NMR using CH2Br2 as an 
internal standard. The analytical sample was purified by GPC.  
 
215: colorless oil; IR (neat): 2138, 1614 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.09 (d, J = 8.6 Hz, 2H), 6.91 (d, J = 
8.2 Hz, 2H), 4.06 (t, J = 7.6 Hz, 2H), 3.13 (t, J = 5.5 Hz, 4H), 2.90 (t, J = 7.6 Hz, 2H), 2.71 (t, J = 3.3 Hz, 1H), 1.79-
1.65 (m, 4H), 1.64-1.53 (m, 2H); 13C-NMR (150 MHz, CDCl3): δ 150.9, 129.5, 127.7, 116.8, 114.5 (t, 1JCF = 244.5 
Hz), 73.7 (t, 2JCF = 54.2 Hz), 72.9 (t, 2JCF = 6.5 Hz), 66.4, 50.9, 34.6, 25.8, 24.2; 19F-NMR (560 MHz, CDCl3): d -
59.1 (s, 2F); HRMS (ESI): calcd for C16H20F2NO ([M+H]+): 280.1513, found: 280.1523. 
 
Decomplexation of ether 197 
On 68.1 mg (90.6 µmol) scale, the standard procedure was followed with N,N,N’-trimethyl ethylenediamine (74.5 
µL, 0.543 mmol) in Et2O (4.5 mL) for 12 h. The crude was purified by silica gel column chromatography (AcOEt : 
hexane = 1 : 15) to provide 212 (34.0 mg, 73.0 µmol, 81%). 
 
 
212: colorless oil; IR (neat): 3342, 2188, 1716 cm-1; 1H-NMR (400 MHz, CDCl3): d 4.70 (brs, 1H), 3.93 (s, 3H), 2.55 
(t, J = 7.5 Hz, 2H), 2.11 (s, 3H), 1.95-1.74 (m, 2H), 1.45 (s, 9H), 1.21-1.01 (m, 21H); 13C-NMR (100 MHz, CDCl3): 
d 155.3, 113.5 (t, 1JCF = 241.7 Hz), 94.9 (t, 2JCF = 51.6 Hz), 89.2, 79.7, 67.3, 48.7, 31.2, 30.5, 28.3, 18.4, 15.4, 10.8; 
19F-NMR (560 MHz, CDCl3): d -58.0 (s, 2F); HRMS (FAB): calcd for C22H40F2NO3SSi ([M-H]+): 464.2466, found: 
464.2463. 
 
On 34.0 mg (73.0 mmol) scale, the standard procedure was followed with TBAF (1M in THF, 80 µL, 80 µmol) in 
THF (3.7 mL). The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 20 to 1 : 8) to 
provide 216 (21.4 mg, 69.2 µmol, 95%). 
 
 
216: White amorphous; IR (neat): 3305, 2140, 1697 cm-1; 1H-NMR (600 MHz, CDCl3): d 4.70 (d, J = 7.6 Hz, 1H), 
4.02-3.86 (m, 3H), 2.75 (t, J = 3.4 Hz, 1H), 2.56 (s, 2H), 2.12 (s, 3H), 1.93-1.76 (m, 2H), 1.44 (s, 9H); 13C-NMR 
















48.7, 31.0, 30.5, 28.3, 15.5; 19F-NMR (560 MHz, CDCl3): d -56.2 (s, 2F); HRMS (ESI): calcd for C13H22F2NO3S 
([M+H]+): 310.1288, found: 310.1278. 
 
Decomplexation of ether 201 
On 100 mg (107 µmol) scale, the standard procedure was followed with N,N,N’-trimethyl ethylenediamine (88 µL, 
0.642 mmol) in Et2O (5.4 mL) for 10 h. The crude was purified by silica gel column chromatography (AcOEt : 
hexane = 1 : 6) to provide 214 (32.3 mg, 50.1 µmol, 47%). 
 
214: white amorphous; IR (neat): 1783 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.03 (s, 1H), 6.53 (s, 1H), 6.38 (s, 2H), 
6.00 (s, 1H), 5.99 (s, 1H), 5.38 (d, J = 9.2 Hz, 1H), 4.63-4.55 (m, 2H), 4.06 (t, J = 9.9 Hz, 1H), 3.81 (s, 3H), 3.75 (s, 
6H), 3.11-2.95 (m, 1H), 2.86 (dd, J = 14.5, 4.3 Hz, 1H), 1.23-1.01 (m, 21H); 13C-NMR (150 MHz, CDCl3): d 173.6, 
152.6, 148.3, 147.7, 137.0, 134.6, 132.4, 128.1, 113.5 (dd, 1JCF = 247.4, 243.3 Hz), 109.4, 108.0, 107.9, 101.6, 94.8 
(dd, 2JCF = 52.1, 48.7 Hz), 89.9, 75.9, 71.1, 60.7, 56.0, 45.6, 43.7, 38.3, 18.4, 10.8; 19F-NMR (560 MHz, CDCl3): d 
-53.4 (d, J = 165.7 Hz, 1F), -54.6 (d, J = 165.7 Hz, 1F); HRMS (EI): calcd for C34H42F2O8Si (M+): 644.2617, found: 
644.2589. 
 
On 43.5 mg (67.5 mmol) scale, the standard procedure was followed with TBAF (1M in THF, 74 µL, 74 µmol) in 
THF (3.4 mL). The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 6) to provide 218 
(12.9 mg, 26.4 µmol, 39%) and epimer 219 (13.1 mg, 26.8 µmol, 40%). 
 
218: white amorphous; IR (neat): 2142, 1781 cm-1; 1H-NMR (600 MHz, CDCl3): d 6.98 (s, 1H), 6.53 (s, 1H), 6.37 
(s, 2H), 6.00 (d, J = 1.4 Hz, 1H), 5.99 (d, J = 1.4 Hz, 1H), 5.40 (d, J = 9.3 Hz, 1H), 4.60 (d, J = 4.5 Hz, 1H), 4.55 (t, 
J = 8.1 Hz, 1H), 4.07 (t, J = 9.8 Hz, 1H), 3.81 (s, 3H), 3.76 (s, 6H), 3.06-2.95 (m, 1H), 2.87 (dd, J = 14.6, 4.6 Hz, 
1H), 2.85 (t, J = 3.2 Hz, 1H); 13C-NMR (150 MHz, CDCl3): δ 173.5, 152.7, 148.4, 147.8, 137.2, 134.5, 132.5, 127.8, 
























3JCF = 6.5 Hz), 65.1, 60.8, 56.1, 45.5, 43.7, 38.2; 19F-NMR (560 MHz, CDCl3): d -55.4 (s, 2F); HRMS (ESI): calcd 
for C25H23F2O8 ([M+H]+): 489.1361, found: 489.1390. 
 
219: white amorphous; IR (neat): 2141, 1774 cm-1; 1H-NMR (600 MHz, CDCl3): d 6.88 (s, 1H), 6.49 (s, 1H), 6.44 
(s, 2H), 5.97 (d, J = 1.0 Hz, 1H), 5.96 (d, J = 1.4 Hz, 1H), 5.24 (d, J = 5.5 Hz, 1H), 4.42 (dd, J = 9.8, 6.4 Hz, 1H), 
4.37 (dd, J = 9.8, 2.6 Hz, 1H), 4.30 (d, J = 4.1 Hz, 1H), 3.83 (s, 3H), 3.81 (s, 6H), 3.22 (dd, J = 8.9, 4.1 Hz, 1H), 
3.13-3.07 (m, 1H), 2.81 (t, J = 3.3 Hz, 1H); 13C-NMR (150 MHz, CDCl3): δ 177.0, 153.4, 148.6, 147.3, 138.4, 136.8, 
131.3, 126.0, 113.6 (t, 1JCF = 264.4 Hz), 109.3, 108.1, 105.3, 101.5, 75.1, 74.1 (t, 3JCF = 5.8 Hz), 73.2 (t, 2JCF = 52.7 
Hz), 70.6, 60.8, 56.1, 45.8, 44.3, 40.8; 19F-NMR (560 MHz, CDCl3): d -55.0 (d, J = 174.4 Hz, 1F), -55.6 (d, J = 174.4 
Hz, 1F); HRMS (ESI): calcd for C25H23F2O8 ([M+H]+): 489.1361, found: 489.1389. 
 
Decomplexation of analog 202 
On 58.9 mg (67.6 µmol) scale, the standard procedure was followed with N,N,N’-trimethyl ethylenediamine (65 µL, 
0.406 mmol) in Et2O (2.1 mL) at 12 h. The crude was purified by silica gel column chromatography (AcOEt : hexane 
= 1 : 2) to provide 213 (21.2 mg, 36.3 µmol, 54%). 
 
 
213: colorless oil; IR (neat): 3384, 1732 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.82 (brs, 1H), 7.46 (d, J = 7.5 Hz, 
1H), 7.29 (d, J = 8.2 Hz, 1H), 7.12 (d, J = 7.5 Hz, 1H), 7.07 (d, J = 7.5 Hz, 1H), 4.89 (s, 1H), 3.74 (s, 3H), 3.40 (d, J 
= 10.9 Hz, 1H), 3.08 (dd, J = 11.3, 5.8 Hz, 1H), 3.03-2.92 (m, 2H), 2.72 (d, J = 15.0 Hz, 1H), 2.64 (td, J = 11.3, 3.8 
Hz, 1H), 2.43 (d, J = 12.3 Hz, 1H), 2.36 (d, J = 11.6 Hz, 1H), 2.31-2.20 (m, 2H), 2.08-1.98 (m, 1H), 1.64-1.42 (m, 
4H), 1.31-1.03 (m, 21H); 13C-NMR (150 MHz, CDCl3): d 171.4, 136.0, 134.7, 127.4, 121.3, 119.3, 118.1, 113.5 (t, 
1JCF = 241.3 Hz), 110.8, 108.1, 95.3 (t, 2JCF = 52.7 Hz), 89.2 (t, 3JCF = 5.1 Hz), 74.3, 61.1, 59.8, 52.9, 51.8, 51.6, 40.4, 
36.3, 34.3, 30.7, 23.3, 21.8, 18.4, 10.9; 19F-NMR (560 MHz, CDCl3): d -53.4 (d, J = 165.7 Hz, 1F), -53.8 (d, J = 




























On 35.5 mg (60.7 mmol) scale, the standard procedure was followed with TBAF (1M in THF, 74 µL, 74 µmol) in 
THF (3.4 mL). The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 1) to provide 217 
(16.6 mg, 38.7 µmol, 64%). 
 
217: white amorphous; IR (neat): 2137, 1727 cm-1; 1H-NMR (600 MHz, CDCl3) δ 7.82 (s, 1H), 7.46 (d, J = 7.6 Hz, 
1H), 7.30 (d, J = 8.2 Hz, 1H), 7.12 (t, J = 6.9 Hz, 1H), 7.08 (t, J = 6.9 Hz, 1H), 4.89 (d, J = 2.1 Hz, 1H), 3.75 (s, 3H), 
3.41 (d, J = 11.7 Hz, 1H), 3.07 (dd, J = 11.0, 5.5 Hz, 1H), 3.04-2.95 (m, 1H), 2.95 (dd, J = 11.3, 3.4 Hz, 1H), 2.74 (t, 
J = 3.4 Hz, 1H), 2.72 (dd, J = 16.9, 4.8 Hz, 1H), 2.64 (td, J = 11.5, 4.4 Hz, 1H), 2.45-2.33 (m, 2H), 2.28 (t, J = 10.7 
Hz, 1H), 2.13-2.22 (m, 1H), 2.04 (qd, J = 11.2, 3.6 Hz, 1H), 1.78-1.45 (m, 5H) 13C-NMR (150 MHz, CDCl3): δ 171.4, 
136.0, 134.6, 127.3, 121.3, 119.3, 118.1, 113.4 (t, 1JCF = 244.9 Hz), 110.8, 108.1, 73.7, 73.5 (t, 2JCF = 52.7 Hz), 73.0 
(t, 3JCF = 5.8 Hz), 61.0, 59.8, 52.9, 51.8, 51.6, 40.2, 36.2, 34.1, 31.0, 23.3, 21.7; 19F-NMR (560 MHz, CDCl3): d -
56.5 (d, J = 174.4 Hz, 1F), -56.8 (d, J = 174.4 Hz, 1F); HRMS (ESI): calcd for C24H27F2N2O3 ([M+H]+): 429.1990, 
found: 429.1993. 
 
Syntheses of a-difluoroehters 
Synthesis of triazole 210 
 
To a solution of difluoropropargyl ether 209 (31.3 mg, 0.100 mmol) and benzyl azide (20.3 mg, 0.152 mmol) in t-
BuOH-H2O (1:1, 1 mL) was added Cu(OAc)2 (0.9 mg, 5.0 µmol) and sodium ascorbate (3.6 mg, 18.2 µmol). The 
reaction was stirred at room temperature for 12 h. the reaction mixture was diluted with Et2O (5 mL) and H2O (5 mL) 
and extracted with CHCl3 (10 mL × 3). The combined organic layers were washed with brine, dried over MgSO4, 
filtered, and concentrated in vacuo. The residue was purified with flash silica gel column chromatography (AcOEt : 
hexane = 1 : 1 to MeOH : CHCl3 = 1 : 20) to give 210 (39.5 mg, 88.6 µmol, 89%). 
210: white solid; mp = 120-121 ºC; IR (neat): 1703, 1660 cm-1; 1H-NMR (600 MHz, CDCl3) δ 7.66 (s, 1H), 7.56 (s, 
1H), 7.36-7.44 (m, 3H), 7.28-7.32 (m, 2H), 5.53 (s, 2H), 4.88-4.96 (m, 1H), 4.61 (dd, J = 14.1, 2.4 Hz, 1H), 4.30 (dd, 
J = 14.1, 8.2 Hz, 1H), 3.57 (s, 3H), 3.40 (s, 3H), 1.44 (d, J = 6.5 Hz, 3H); 13C-NMR (150 MHz, CDCl3): δ 155.4, 
151.5, 148.8, 142.3, 133.6, 129.3, 129.2, 129.1, 128.2, 122.3, 119.1 (t, 1JCF = 255.0 Hz), 106.8, 71.2, 54.4, 51.4, 29.8, 
27.8, 18.7; 19F-NMR (560 MHz, CDCl3): d -67.5 (d, J = 157.0 Hz, 1F), 68.0 (d, J = 157.0 Hz, 1F); HRMS (ESI): 
































BnN3 (1.5 eq.), Cu(OAc)2 (5 mol%)
sodium ascorbate (20 mol%)




Synthesis of isoxazole 211 
 
To a solution of difluoroproaprgyl ether 209 (30.9 mg, 98.9 µmol) and (Z)-N-hydroxybenzimidoyl chloride (46.8 mg, 
0.301 mmol) in EtOH (1 mL) was added Et3N (42 µL, 0.301 mmol). The reaction mixture was stirred at 40 ºC for 12 
h. The reaction mixture was diluted with H2O (4 mL) and extracted with Et2O (10 mL × 3). The combined organic 
layers were washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. The residue was purified with 
flash silica gel column chromatography (AcOEt : hexane = 1 : 1 to MeOH : CHCl3 = 1 : 20) to give 211 (42.1 mg, 
97.6 µmol, 99%). 
211: white amorphous; IR (neat): 1704, 1660 cm-1; 1H-NMR (600 MHz, CDCl3) δ 7.79-7.73 (m, 2H), 7.62 (s, 1H), 
7.50-7.42 (m, 3H), 6.76 (s, 1H), 4.99-4.91 (m, 1H), 4.60 (d, J = 14.4 Hz, 1H), 4.26 (dd, J = 14.3, 8.4 Hz, 1H), 3.56 
(d, J = 1.4 Hz, 3H), 3.37 (d, J = 1.4 Hz, 3H), 1.49 (d, J = 6.2 Hz, 3H); 13C-NMR (150 MHz, CDCl3): δ 162.2, 162.1 
(t, 2JCF = 55.1 Hz), 155.4, 151.5, 148.9, 142. 0, 130.6, 129.1, 127.6, 126.8, 117.0 (t, 1JCF = 257.2 Hz), 106.6, 102.1, 
72.2, 51.4, 29.8, 27.9, 18.8; 19F-NMR (560 MHz, CDCl3): d 70.5 (d, J = 157.0 Hz, 1F), 71.0 (d, J = 157.0 Hz, 1F); 
HRMS (ESI): calcd for C20H20F2N5O4 ([M+H]+): 432.1483, found: 432.1505. 
 
Synthesis of fluoropropyl ether 212 
 
To a solution of difluoropropargyl ether 209 (28.4 mg, 90.9 µmol) in THF (1.8 mL) was added 10% Pd/C (8.5 mg) 
and hydrogenated (H2, 1 atm). After 16 h, the catalyst was filtered through a pad of Celite followed by washed with 
Et2O (20 mmol). The Filtrate was washed with saturated aqueous NaHCO3 and brine, dried over MgSO4, filtered, 
and concentrated in vacuo. The residue was purified with flash silica gel column chromatography (AcOEt : hexane 
= 1 : 1) to give 212 (24.8 mg, 78.4 µmol, 86%). 
212: colorless oil; IR (neat): 1705, 1661 cm-1; 1H-NMR (600 MHz, CDCl3) δ 7.52 (s, 1H), 4.69-4.77 (m, 1H), 4.51 
(dd, J = 14.1, 2.4 Hz, 1H), 4.14 (dd, J = 14.3, 8.4 Hz, 1H), 3.58 (s, 3H), 3.39 (s, 3H), 1.92-1.79 (m, 2H), 1.32 (d, J = 
6.5 Hz, 3H), 0.94 (t, J = 7.6 Hz, 3H); 13C-NMR (150 MHz, CDCl3): δ 155.3, 151.6, 148.7, 141.9, 125.9 (t, 1JCF = 
262.3 Hz), 106.8, 69.3 (t, 2JCF = 5.0 Hz), 51.7, 29.8, 29.1 (t, 2JCF = 30.3 Hz), 27.9, 18.8, 6.9; 19F-NMR (560 MHz, 


















EtOH, 40 ºC, 12 h
















































Raman Spectra of CH2Alkynes/CF2Alkynes 
Raman spectra were obtained with a RAMAN-11 slit-scanning Raman microscope (Nanophoton, Japan) with 532 
nm excitation. Samples were placed on a quartz substrate during the measurements. The laser output was focused 
into the sample by a 60X/1.27 numerical aperture (NA) water immersion objective lens (CFI Plan Apo IR 60X WI, 
NIKON, Japan). The slit width of the spectrograph was 70 µm. The light intensity at the sample plane was calculated 
as 6.0 mW/µm2 from the ratio of the measured laser power between the sample position and the area of the 
illumination line. The exposure time for each line was 10 sec. 
 
Relative Raman intensity vs EdU (RIE)3 
The 1 µL each of DMSO solutions of the test compound (10 or 100 mM) and internal standard (10 or 100 mM stock 
solution of EdU or PhCN) were mixed on quartz, and Raman spectrum of the mixture was measured by using 
RAMAN-11 slit-scanning Raman microscope (Nanophoton, Japan) with 532 nm excitation. The measurement was 
repeated 4 times for each test compound. The light intensity at the sample plane was calculated as 6.0 mW/µm2 from 
the ratio of the measured laser power between the sample position and the area of the illumination line. The exposure 
time for each line was 120 sec. The background of DMSO was subtracted from the measured spectra, and obtained 
spectra were fitted with a Gaussian function. The peak areas were calculated by “Raman viewer” software equipped 
on the Raman microscope. Finally, RIE (relative Raman intensity vs EdU) was calculated from the area ratio of 4 
spectra and concentrations of the sample and standard (in the case of PhCN as a standard, RIE was calculated from 
the peak areas of sample vs PhCN and PhCN vs EdU).  
 
 





Figure S2. Raman spectra of 210 and 214. 
 
Synthesis of substrates 
2-(4-Methoxy-3-(prop-1-en-2-yl)phenyl)ethan-1-ol (E16) 
 
To a solution of 4-methoxyphenylethyl alcohol (3.36 g, 22.0 mmol) and AcCl (4.7 mL, 66.0 mmol) in Cl2CHCHCl2 
(33 mL) was added AlCl3 (10.3 g, 77.2 mmol) portionwise over 1 h at 0 ºC. The reaction mixture was allowed to 
warm to room temperature and stirred for 18 h. Then the reaction mixture was cooled at 0 ºC and quenched with ice 
water (20 mL) and extracted with CH2Cl2 (40 mL × 2). The combined organic layer was washed with water and then 
brine, dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by silica gel column 
chromatography (AcOEt : hexane = 1 : 4) to give E15 (2.68 g, 10.9 mmol, 50%) as a colorless oil.  
To a solution of E15 (924 mg, 3.91 mmol) in Et2O (26 mL) was added MeMgBr (3M in Et2O: 3.8mL) dropwise over 
30 min at 0 ºC and then stirred for 2 h. The reaction mixture was quenched with sat. NH4Cl aq. (10 mL) and extracted 
with Et2O (20 mL × 2). The combined organic layer was washed with saturated aqueous NaHCO3 and brine, dried 
over MgSO4, filtered and concentrated in vacuo. To the residue were added toluene (34 mL) and TsOH•H2O (64.5 
mg, 0.338 mmol) at room temperature. The reaction mixture was warm to 100 ºC and stirred for 16 h. The reaction 
mixture was concentrated in vacuo and AcOEt (50 mL) was added. The organic layers were washed with sat. 
NaHCO3 aq. and brine. The organic layers were dried over MgSO4, filtered and concentrated in vacuo. To the residue 
was added K2CO3 (937 mg, 6.78 mmol) and MeOH (34 mL) at room temperature. After stirring 2 h, the reaction 








1. MeMgBr (3.0 eq.) 
    Et2O (0.15 M)
    0 ºC to rt, 1 h
2. TsOH•H2O (10 mol%)
    toluene (0.1 M), 100 ºC, 16 h
3. K2CO3 (2 eq.)
    MeOH (1.0 M), rt, 2 h








dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by silica gel column chromatography 
(AcOEt : hexane = 1 : 2) to give alcohol E16 (209 mg, 1.09 mmol, 28% for 3 steps).  
 
E16: Pale yellow oil; IR (neat): 3341 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.09 (dd, J = 8.5, 1.9 Hz, 2H), 7.04 (d, J 
= 1.9 Hz, 1H), 6.82 (d, J = 8.5 Hz, 1H), 5.14 (s, 1H), 4.99 (s, 1H), 3.82 (t, J = 6.5 Hz, 2H), 3.81 (s, 3H), 2.79 (t, J = 
6.5 Hz, 2H), 2.11 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 155.3, 144.1, 132.9, 130.2, 129.9, 128.6, 115.0, 111.0, 




To the solution of 3-bromo-4-hydroxyphenylethyl alcohol (1.09 g, 5.02 mmol) in acetone (7.5 mL) was added MeI 
(0.41 mL, 6.59 mmol) and K2CO3 (0.90 g, 6.52 mmol) and stirred at 40 ºC for 20 h. The reaction mixture was 
quenched with water and extracted with Et2O. The combined organic layer was dried over MgSO4, filtered and 
concentrated in vacuo. The residue was purified by silica gel column chromatography (AcOEt : hexane = 1 : 2) to 
give E17 (761 mg, 3.29 mmol, 66%). 
 
E17: yellow oil; IR (neat): 3342 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.41 (d, J = 2.3 Hz, 1H), 7.13 (dd, J = 8.5, 2.3 
Hz, 1H), 6.84 (d, J = 8.7 Hz, 1H), 3.87 (s, 3H), 3.81 (t, J = 6.4 Hz, 2H), 2.78 (t, J = 6.4 Hz, 2H), 1.61 (brs, 1H); 13C-
NMR (100 MHz, CDCl3): d 154.5, 133.6, 132.2, 129.0, 112.0, 111.6, 63.4, 56.2, 37.8; HRMS (EI): calcd for 




One crystal of iodine was added to a mixture of magnesium (375 mg, 15.4 mmol) and THF (10 mL) in a dry 2-neck 
flask with fitted with a Liebig condenser. To this, 2 ml of a solution of 4-bromo-N,N-dimethylaniline in THF was 
added and stirred vigorously. As soon as the color of iodine disappeared, a solution of 4-Bromo-1,2-
dimethoxybenzene (1.90 mL, 13.2 mmol) in THF (20 mL) was added slowly over a period of 30 minutes while 
refluxing. The reaction was stirred at Almost magnesium was consumed, CuI (109 mg, 0.57 mmol) was added to the 
reaction mixture. To this a solution of cyclohexene oxide (1.1 mL, 10.9 mmol) in THF (10 mL) was added slowly 








40 ºC, 20 h, 66%
E17
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CuI (5 mol%)







(5 mL). The reaction mixture was filtered through Celite® and extracted with CH2Cl2 (20 mL × 3). The combined 
organic layer was washed with brine, dried over MgSO4 and concentrated in vacuo. The residue was purified by silica 
gel column chromatography (AcOEt : hexane = 1 : 8 to 1 : 1) to give E18 (423 mg, 1.79 mmol, 16%).  
E18: white solid; IR (solid): 3384, 1589 cm-1; 1H-NMR (400 MHz, CDCl3): d 6.90-6.74 (m, 3H), 3.89 (s, 3H), 3.87 
(s, 3H), 3.72-3.52 (m, 1H), 2.49-2.30 (m, 1H), 2.12 (brd, J = 11.7 Hz, 1H), 1.86 (brd, J = 12.1 Hz, 1H), 1.77 (brd, J 
= 12.1 Hz, 1H), 1.58-1.21 (m, 5H); 13C-NMR (100 MHz, CDCl3): d 149.2, 147.9, 135.7, 119.6, 111.6, 111.1, 74.5, 




One crystal of iodine was added to a mixture of magnesium (169 mg, 7.0 mmol) and THF (5 mL). To this, 2 ml of a 
solution of 4-bromo-N,N-dimethylaniline in THF was added and stirred vigorously. As soon as the color of iodine 
disappeared, a solution of 4-bromo-N,N-dimethylaniline (1.2 g, 6.0 mmol) in THF (10 mL) was added slowly over a 
period of 30 minutes while refluxing. The reaction was stirred at almost magnesium was consumed, CuI (95 mg, 0.50 
mmol) was added to the reaction mixture. To this a solution of cyclohexene oxide (505 µl, 5.0 mmol) in THF (3 mL) 
was added slowly dropwise at 0 °C. Then it was allowed to stir at room temperature for 10 h, then quenched with 
saturated aquous NaHCO3 (5 mL). The reaction mixture was filtered through Celite® and extracted with CH2Cl2 (20 
mL × 3). The combined organic layer was washed with brine, dried over MgSO4 and concentrated in vacuo. The 
residue was purified by silica gel column chromatography (AcOEt : hexane = 1 : 4) to give E19 (890 mg, 4.05 mmol, 
81%).  
E19: light brown solid: IR (neat): 3436, 1613 cm-1: 1H-NMR (400 MHz, CDCl3): δ 7.13 (d, J = 8.8 Hz, 2H), 6.73 (d, 
J = 8.8 Hz, 2H), 2.32 (dt, J = 10.0, 4.0 Hz, 1H), 2.93 (s, 6H), 2.32 (ddd, J = 13.0, 9.6, 4.0 Hz, 1H), 2.15-2.09 (m, 
1H), 1.90-1.80 (m, 2H), 1.80-1.70 (m, 1H), 1.60-1.25 (m, 5H). 13C-NMR (100 MHz, CDCl3): δ 149.7, 130.8, 128.5, 




To a solution of Ethyl 4-methoxyphenylacetate (971 mg, 5.00 mmol) in Et2O (25 mL) was added MeMgBr (3M in 
Et2O: 5.0 mL) dropwise over 10 min at 0 ºC. The reaction mixture was allowed to warm to room temperature and 
stirred for 4 h. The reaction mixture was cooled to 0 ºC and quenched with saturated aqueous NH4Cl (15 mL) and 
extracted with Et2O (20 mL × 2). The combined organic layer was washed with brine, dried over MgSO4, filtered 
O BrMg N                                   (1.2 eq.)
CuI (10 mol%)















and concentrated in vacuo. The residue was purified by silica gel column chromatography (AcOEt : hexane = 1 : 4) 
to give E20 (885 mg, 4.91 mmol, 98%). 
 
E20: colorless oil; IR (neat): 3328 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.13 (d, J = 8.5 Hz, 2H), 6.85 (d, J = 8.5 Hz, 
2H), 3.80 (s, 3H), 2.71 (s, 2H), 1.21 (s, 6H); 13C-NMR (100 MHz, CDCl3): d 158.3, 131.4, 129.8, 113.6, 70.7, 55.2, 




To a solution of ester E21 (347 mg, 1.49 mmol) in THF (0.1 M) was added LiAlH4 (68.5 mg, 1.81 mmol) at 0 ºC. 
After stirring for 2 h at room temperature, the reaction mixture was quenched with saturated aqueous Rochelle salt 
and stirred at room temperature for 30 min. The solution was extracted with Et2O (20 mL × 2). The combined organic 
layer was washed with brine, dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by 
silica gel column chromatography (AcOEt : hexane 1 : 2) to give E22 (273 mg, 1.33 mmol, 89%) 
 
E22: colorless oil; IR (neat): 3255 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.10 (d, J = 8.4 Hz, 2H), 6.89 (d, J = 8.4 Hz, 
2H), 3.80 (t, J = 6.5 Hz, 2H), 3.12 (t, J = 5.3 Hz, 4H), 2.77 (t, J = 6.5 Hz, 2H), 1.80-1.65 (m, 4H), 1.62-1.52 (m, 2H), 
1.49 (brs, 1H); 13C-NMR (100 MHz, CDCl3): d 151.0, 129.6, 128.8, 116.9, 63.8, 50.9, 38.2, 25.8, 24.2; HRMS (EI): 
calcd for C18H19NO ([M]+): 205.1467, found: 205.1497. 
 
tert-Butyl (1-hydroxy-4-(methylthio)butan-2-yl)carbamate (E24) 
 
To a solution of ester E23 (1.93 g, 7.74 mmol) in THF (38 mL) was added LiAlH4 (377 mg, 9.93 mmol) at 0 ºC. 
After stirring for 5 h at room temperature, the reaction mixture was quenched with saturated aqueous Rochelle salt 
(20 mL) and stirred at room temperature for 30 min. The solution was extracted with Et2O (40 mL × 2). The combined 
organic layer was washed with brine, dried over MgSO4, filtered and concentrated in vacuo. The residue was purified 
by silica gel column chromatography (AcOEt : hexane 1 : 2) to give alcohol E24 (273 mg, 1.33 mmol, 89%). 
 
E24: white solid; IR (neat): 3358, 1681 cm-1; 1H-NMR (400 MHz, CDCl3): d 4.78 (brs, 1H), 3.85-3.53 (m, 3H), 2.66-
2.48 (m, 2H), 2.43 (brs, 1H), 2.12 (s, 3H), 1.91-1.64 (m, 2H), 1.45 (s, 9H); 13C-NMR (100 MHz, CDCl3): d 156.2, 

























To a solution of ester E25 (500 mg, 2.02 mmol) in THF (30 mL) was added LiAlH4 (335 mg, 8.83 mmol) portionwise 
at 0 ºC. After stirring for 12 h at reflux, the reaction mixture was cooling at 0 ºC and quenched with sat. Rochelle salt 
(20 mL) and stirred at room temperature for 30 min. The solution was extracted with Et2O (40 mL × 2). The combined 
organic layer was washed with brine, dried over MgSO4, filtered and concentrated in vacuo. The residue was purified 
by silica gel column chromatography (CHROMATOREX® -NH, CHCl3) to give aminoalcohol E26 (415 mg, 1.78 
mmol, 88%). 
 
E26: white solid; IR (solid): 3260 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.34-7.24 (m, 2H), 7.22-7.11 (m, 3H), 3.60 
(tt, J = 10.7, 4.1 Hz, 1H), 2.71-2.57 (m, 4H), 2.41 (tt, J = 11.0, 3.7 Hz, 1H), 1.97-1.86 (m, 4H), 1.80 (quint. J = 7.9 
Hz, 2H), 1.37-1.20 (m, 2H), 1.17-1.05 (m, 2H); 13C-NMR (100 MHz, CDCl3): d 142.1 139.0, 128.3, 125.8, 70.5, 




To a solution of 4-methoxyphenethyl alcohol (112 mg, 0.736 mmol) in THF (7.4 mL) was added 60% NaH (82.6 mg, 
2.07 mmol) at 0 ºC. The mixture was stirred at room temperature for 30 min. Propargyl bromide (84 µL, 1.11 mmol) 
was added to the mixture at 0 ºC. The reaction mixture was allowed to warm to room temperature and stirred for 6 h. 
The reaction mixture was quenched with sat. aqueous NH4Cl (4 mL) and extracted with hexane (4 mL × 3). The 
combined organic layer was washed with brine, dried over MgSO4, filtered and concentrated in vacuo. The residue 
was purified by silica gel column chromatography (AcOEt : hexane = 1 : 20) to give 213 (42.4 mg, 0.223 mmol, 
30%). 
 
213: yellow oil; IR (neat): 3286 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.15 (d, J = 8.2 Hz, 2H), 6.84 (d, J = 8.2 Hz, 
2H), 4.15 (t, J = 1.9 Hz, 2H), 3.78 (s, 3H), 3.71 (t, J = 7.2 Hz, 2H), 2.86 (t, J = 7.2 Hz, 2H), 2.42 (t, J = 1.9 Hz, 1H); 
13C-NMR (100 MHz, CDCl3): d 158.1, 130.6, 129.8, 113.8, 80.0, 74.3, 71.1, 58.1, 55.2, 35.1; HRMS (EI): calcd for 
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NaH (3.0 equiv.)







To a solution of 4-methoxyphenethyl alcohol (103 mg, 0.677 mmol) in THF (3.6 mL) was added 60% NaH (36 mg, 
0.90 mmol) at 0 ºC. The mixture was stirred at room temperature for 50 min. (3-Iodoprop-1-yn-1-yl)benzene (164 
mg, 0.677 mmol) was added to the mixture at 0 ºC. The reaction mixture was allowed to warm to room temperature 
and stirred for overnight. The reaction mixture was quenched with sat. aqueous NH4Cl (2 mL) and extracted with 
Et2O (10 mL × 2). The combined organic layer was washed with brine, dried over MgSO4, filtered and concentrated 
in vacuo. The residue was purified by silica gel column chromatography (AcOEt : hexane = 1 : 200) to give 214 (78.8 
mg, 0.296 mmol, 44%). 
 
214: yellow oil; IR (neat): 2236 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.49-7.41 (m, 2H), 7.34-7.29 (m, 3H), 7.17 (d, 
J = 7.5 Hz, 2H), 6.84 (d, J = 7.5 Hz, 2H), 4.38 (s, 2H), 3.79 (s, 3H), 3.78 (t, J = 7.2 Hz, 2H), 2.90 (t, J = 7.2 Hz, 2H); 
13C-NMR (100 MHz, CDCl3): d 158.1, 131.7, 130.7, 129.9, 129.8, 128.4, 128.2, 113.8, 86.1, 85.2, 71.2, 58.9, 55.2, 
35.2; HRMS (EI): calcd for C18H18O2 (M+): 266.1307, found: 266.1306. 
 
<Chapter 4> 
Etherification of testosterone 
A solution of 37 (48.8 mg, 0.16 mmol) and Co2(CO)8 (55.6 mg, 0.16 mmol) in toluene (1 mL) was stirred at room 
temperature. After 3 h, testosterone (25.3 mg, 87.7 µmol), triethylamine (21 µL, 0.15 mmol) and AgOTf (42.7 mg, 
0.17 mmol) were added. After 30 min, the reaction mixture was diluted with saturated aqueous NaHCO3 (1 mL) and 
extracted with AcOEt (5mL × 2). The combined organic layers were washed with brine and dried over MgSO4, 
filtered and concentrated in vacuo. The residue was purified by flash silica gel column chromatography (AcOEt : 
Hexane = 1 : 8) to provide 216 (15.1 mg, 18.8 µmol, 21%) and 217 (23.3 mg, 29.0 µmol, 33%). 
 
 
216: red oil; IR (neat): 2038, 1676 cm-1; 1H-NMR (600 MHz, CDCl3): d 5.73 (s, 1H), 4.30 (t, J = 7.7 Hz, 1H), 2.27-
2.42 (m, 4H), 2.13 (s, 1H), 2.02 (d, J = 12.0 Hz, 1H), 1.84-1.91 (m, 2H), 1.59-1.75 (m, 5H), 1.02-1.42 (m, 35H), 0.94 
(t, J = 9.6 Hz, 1H), 0.82-0.88 (m, 4H); 13C-NMR (150 MHz, CDCl3): d 199.5, 199.3, 171.0, 124.8 (t, 1JCF = 255.8 
Hz), 123.9, 101.9 (t, 2JCF = 50.6 Hz), 84.4, 71.9, 53.7, 49.9, 42.3, 38.6, 36.2, 35.7, 35.4, 33.9, 32.7, 31.4, 28.4, 23.3, 







THF (0.2 M), 0 ºC to rt















HRMS (EI): calcd for C35H48Co2F2O6Si ([M-2CO]+): 748.1852, found: 748.1873. 
 
217: red oil; IR (neat): 3412, 2059 cm-1; 1H-NMR (600 MHz, CDCl3): d 5.86 (s, 1H), 5.42 (s, 1H), 3.67 (s, 1H), 2.41-
2.46 (m, 1H), 2.05-2.27 (m, 4H), 1.84-1.89 (m, 2H), 1.56-1.73 (m, 6H), 1.25-1.47 (m, 10H), 1.08-1.20 (m, 23H), 
0.96-1.04 (m, 4H), 0.77-0.84 (m, 3H); 13C-NMR (150 MHz, CDCl3): d 199.1, 146.6, 139.6, 124.4 (t, 1JCF = 260.1 
Hz), 123.4, 115.3, 101.3 (t, 2JCF = 49.1 Hz), 81.8, 72.3, 51.4, 48.2, 46.1, 42.9, 36.5, 34.8, 33.8, 31.8, 31.5, 30.5, 25.6, 
23.4, 20.8, 18.9, 13.6, 11.1; 19F-NMR (560 MHz, CDCl3): d -55.4 (d, J = 157.0 Hz, 1F), -56.7 (d, J = 157.0 Hz, 1F); 
HRMS (EI, FAB, ESI) was not detected. 
 
Formation of propargyl vinyl ether 
Standard procedure for the etherification of ketones and aldehydes 
Procedure A: A solution of phenyldifluorobromopropyne (0.15 mmol) and Co2(CO)8 (0.15 mmol) in toluene (1 mL) 
was stirred at room temperature. After 3 h, ketone (0.1 mmol), iPr2NEt (0.15 mmol) and AgNTf2 (0.15 mmol) was 
added and stirred at room temperature for 30 min. The reaction mixture was diluted with saturated aqueous NaHCO3 
(1 mL) and extracted with AcOEt (5mL x 2). The combined organic layers were washed with brine and dried over 
MgSO4, filtered and concentrated in vacuo. The residue was purified by flash silica gel column chromatography 
(Kanto). 
 
Procedure B: A solution of phenyldifluorobromopropyne (0.15 mmol) and Co2(CO)8 (0.15 mmol) in toluene (1 mL) 
was stirred at room temperature. After 3 h, ketone (0.1 mmol), DTBMP (0.15 mmol) and AgNTf2 (0.15 mmol) was 
added and stirred at room temperature for 30 min. The reaction mixture was diluted with saturated aqueous NaHCO3 
(1 mL) and extracted with AcOEt (5mL x 2). The combined organic layers were washed with brine and dried over 
MgSO4, filtered and concentrated in vacuo. The residue was purified by flash silica gel column chromatography 
(Kanto). 
 
Etherification of cyclohexanone 
The procedure A was followed. The crude was purified by silica gel column chromatography (hexane) to provide 















219: red oil; IR (neat): 2034 cm-1; 1H-NMR (400 MHz, CDCl3): d 7.70-7.60 (m, 2H), 7.40-7.31 (m, 3H), 5.61 (s, 1H), 
2.26 (brs, 2H), 2.19-2.09 (m, 2H), 1.80-1.70 (m, 2H), 1.66-1.57 (m, 2H); 13C-NMR (150 MHz, CDCl3): d 198.1, 
148.0, 136.6, 130.0, 128.9, 128.4, 124.9 (t, 1JCF = 259.4 Hz), 112.7, 88.0, 83.8 (t, 2JCF = 49.9 Hz), 28.0, 23.8, 22.8, 
21.7; 19F-NMR (560 MHz, CDCl3): d -58.3 (s, 2F); HRMS (EI): calcd for C21H14Co2F2O7 (M+): 533.9372, found: 
533.9361. 
 
Etherification of 4’-methoxyacetophenone 
The procedure A was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 
TEA) to provide 222 (59.6 mg, 82.5 µmol, 84%). 
 
222: red oil; IR (neat): 2035 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.67 (t, J = 1.7 Hz, 2H), 7.48 (d, J = 7.5 Hz, 2H), 
7.36 (s, 3H), 6.83 (d, J = 7.5 Hz, 2H), 5.28 (s, 1H), 5.23 (s, 1H), 3.81 (s, 3H); 13C-NMR (150 MHz, CDCl3): d  198.0, 
160.1, 152.4, 136.4, 130.0, 128.9, 128.5, 127.8, 126.9, 125.2 (t, 1JCF = 260.1 Hz), 113.6, 97.7, 88.5, 83.0 (t, 2JCF = 
48.4 Hz), 55.2; 19F-NMR (560 MHz, CDCl3): d -59.2 (s, 2F); HRMS (EI): calcd for C21H14Co2F2O5 ([M-3CO]+): 
501.9473, found: 501.9470. 
 
Etherification of 4’-chloroacetophenone 
The procedure A was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 
TEA) to provide 223 (57.4 mg, 97.1 µmol, 97%). 
 
223: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.68-7.62 (m, 2H), 7.46 (d, J = 8.6 Hz, 2H), 7.40-
7.34 (m, 3H), 7.28 (d, J = 8.6 Hz, 2H), 5.38 (d, J = 2.4 Hz, 1H), 5.34 (s, 1H); 13C-NMR (150 MHz, CDCl3): d 197.9, 
151.6, 136.3, 134.8, 133.7, 130.0, 129.0, 128.6, 128.5, 126.8, 125.3 (t, 1JCF = 262.3 Hz), 99.94, 88.68, 82.5 (t, 2JCF = 
49.1 Hz); 19F-NMR (560 MHz, CDCl3): d -59.4 (s, 2F); HRMS (EI): calcd for C23H1135ClCo2F2O7 (M+): 589.8825, 
found: 589.8820. 
 




















The procedure A was followed. The crude was purified by silica gel column chromatography (AcOEt : hexane 1:20 
containing 1% TEA) to provide 224 (57.1 mg, 93.0 µmol, 93%). 
 
224: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.98 (d, J = 7.5 Hz, 2H), 7.69-7.63 (m, 2H), 7.61 
(t, J = 8.9 Hz, 2H), 7.37 (s, 3H), 5.51 (s, 1H), 5.45 (s, 1H), 3.92 (s, 3H); 13C-NMR (150 MHz, CDCl3): δ 197.9, 166.6, 
151.6, 139.4, 136.3, 130.8, 130.0, 129.6, 129.0, 128.7, 125.4, 125.4 (t, 1JCF = 261.6 Hz), 101.5, 88.7, 82.3 (t, 2JCF = 
47.7 Hz), 52.1; 19F-NMR (560 MHz, CDCl3): d -59.4 (s, 2F); HRMS (EI): calcd for C22H14Co2F2O6 ([M-3CO]+): 
529.9422, found: 529.9432. 
 
Etherification of 4’-dimethylaminoacetophenone 
The procedure A was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 
TEA) to provide 225 (27.1 mg, 45.1 µmol, 45%). 
 
225: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.66-7.73 (m, 2H), 7.43 (d, J = 8.8 Hz, 2H), 7.32-
7.40 (m, 3H), 6.63 (d, J = 8.2 Hz, 2H), 5.21 (d, J = 2.1 Hz, 1H), 5.12 (s, 1H), 2.97 (s, 6H); 19F-NMR (560 MHz, 
CDCl3): d -58.9 (s, 2F); HRMS (EI): calcd for C22H17Co2F2NO4 ([M-3CO]+): 514.9790, found: 514.9782. 
 
Etherification of 3’-methoxyacetophenone 
The procedure A was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 
TEA) to provide 226 (50.5 mg, 86.2 µmol, 86%). 
 
 
226: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.67 (s, 2H), 7.35 (s, 3H), 7.23 (t, J = 8.3 Hz, 1H), 
7.15 (d, J = 7.2 Hz, 1H), 7.05 (s, 1H), 6.87 (d, J = 7.2 Hz, 1H), 5.39 (s, 1H), 5.33 (s, 1H), 3.68 (s, 3H); 13C-NMR 
(150 MHz, CDCl3): δ 197.9, 159.5, 152.4, 136.6, 136.4 , 130.0, 129.2, 129.0, 128.6, 125.3 (t, 1  JCF = 261.5 Hz), 
118.1, 114.9, 110.7, 99.7, 88.5, 82.7 (t, 2JCF = 49.1 Hz), 55.1; 19F-NMR (560 MHz, CDCl3): d -59.4 (s, 2F); HRMS 
(EI): calcd for C21H14Co2F2O5 ([M-3CO]+): 501.9473, found: 501.9472. 
 





















The procedure A was followed. The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 
50 containing 1% TEA) to provide 227 (43.0 mg, 73.3 µmol, 73%). 
 
227: red oil; IR (neat): 2035 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.66 (s, 2H), 7.46 (d, J = 7.2 Hz, 1H), 7.40-7.26 
(m, 4H), 6.92 (d, J = 6.5 Hz, 2H), 5.48 (s, 1H), 5.44 (s, 1H), 3.84 (s, 3H); 13C-NMR (150 MHz, CDCl3): δ 198.0, 
157.1, 150.2, 136.5, 130.04, 129.98, 129.6, 128.8, 128.4, 125.1 (t, 1JCF = 260.8 Hz), 124.7, 120.1, 110.9, 104.8, 88.3, 
83.3 (t, 2JCF = 49.1 Hz), -55.4 (s, 2F); 19F-NMR (560 MHz, CDCl3): d 59.3; HRMS (EI): calcd for C21H14Co2F2O5 
([M-3CO]+): 501.9473, found: 501.9468. 
 
Etherification of 3’,5’-bistrifluoromethylacetophenone 
The procedure A was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 
TEA) to provide 228 (58.5 mg, 64.6 µmol, 85%). 
 
228: red oil; IR (neat): 2039 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.98 (s, 2H), 7.84 (s, 1H), 7.65 (s, 2H), 7.37 (s, 
3H), 5.59 (s, 1H), 5.56 (s, 1H); 13C-NMR (150 MHz, CDCl3): δ 197.8, 149.8, 137.4, 136.1, 132.0 (q, 2JCF = 33.6 Hz), 
129.8, 129.1, 128.8, 125.6 (t, 1JCF = 263.0 Hz), 125.5, 123.1 (q, 1JCF = 271.3 Hz), 122.5, 102.5, 88.9, 81.3 (t, 2JCF = 
44.8 Hz); 19F-NMR (560 MHz, CDCl3): d -59.7 (s, 2F), -66.3 (s, 3F); HRMS (EI): calcd for C25H10Co2F8O7 (M+): 
691.8963, found: 691.8971. 
 
Etherification of 3-acetylbenzophenone 
The procedure A was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 
TEA) to provide 229 (53.4 mg, 89.5 µmol, 86%). 
 
229: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.77 (d, J = 7.5 Hz, 1H), 7.71-7.64 (m, 3H), 7.50 
(d, J = 7.5 Hz, 1H), 7.42-7.36 (m, 3H), 7.35 (t, J = 8.2 Hz, 1H) 7.31 (t, J = 7.5 Hz, 1H), 5.45 (s, 2H); 13C-NMR (150 
MHz, CDCl3): δ 197.9, 155.6, 146.0, 143.7, 136.3, 130.0, 129.0, 128.7, 125.3 (t, 2JCF = 261.5 Hz), 124.9, 124.5, 




















(EI): calcd for C21H12Co2F2O4 (M+): 483.9368, found: 438.9363. 
 
Etherification of 1-Ts-3-acetyl pyrrole 
The procedure A was followed. The crude was purified by silica gel column chromatography (AcOEt : hexane = 1:20 
containing 1% TEA) to provide 230 (43.6 mg, 62.3 µmol, 62%). 
 
230: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.77 (d, J = 7.5 Hz, 1H), 7.71-7.64 (m, 3H), 7.50 
(d, J = 7.5 Hz, 1H), 7.42-7.36 (m, 3H), 7.35 (t, J = 8.2 Hz, 1H) 7.31 (t, J = 7.5 Hz, 1H), 5.45 (s, 2H); 13C-NMR (150 
MHz, CDCl3): δ 197.9, 147.2, 145.2, 136.3, 135.7, 130.0, 129.9, 129.1, 128.7, 126.9, 125.2 (t, 1JCF = 263.0 Hz), 
125.0, 121.4, 117.9, 110.9, 96.9, 88.6, 82.5 (t, 2JCF = 48.4 Hz), 21.6; 19F-NMR (560 MHz, CDCl3): d -59.7 (s, 2F); 
HRMS (FAB): calcd for C25H17Co2F2NO6S ([M-3CO]+): 614.9409, found: 614.9415. 
 
Etherification of 4’-methoxyisobutyrophenone 
The procedure B was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 
TEA) to provide 231 (49.8 mg, 81.1 µmol, 80%). 
 
231: red oil; IR (neat): 2035 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.62-7.58 (m, 2H), 7.36-7.32 (m, 3H), 7.33 (d, J 
= 8.7 Hz, 2H), 6.89 (d, J = 8.9 Hz, 2H), 3.83 (s, 3H), 1.90 (s, 3H), 1.76 (s, 3H); 13C-NMR (150 MHz, CDCl3): δ 
198.1, 158.9, 140.8, 136.5, 130.3, 130.1, 129.7, 128.8, 128.4, 125.5 (t, 1JCF = 263.0 Hz), 123.8, 113.2, 88.38, 83.8 (t, 
2JCF = 48.4 Hz), 55.2, 20.2, 18.9; 19F-NMR (560 MHz, CDCl3): d -56.3 (s, 2F); HRMS (EI): calcd for C26H18Co2F2O8 
(M+): 613.9634, found: 613.9645. 
 
Etherification of 4’-methoxyisovalerophenone 
The procedure A was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 
TEA) to provide the mixture of a inseparable E/Z isomer of 232 (49.1 mg, 78.2 µmol, 74%). The E/Z ratio was 

















232a (major): red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.63-7.56 (m, 2H), 7.35 (d, J = 8.9 Hz, 
2H), 7.41-7.29 (m, 3H), 6.89 (d, J = 8.2 Hz, 2H), 5.55 (d, J = 10.3 Hz, 1H), 3.83 (s, 3H), 2.60-2.45 (m, 1H), 1.07 (d, 
J = 6.8 Hz, 6H); 13C-NMR (150 MHz, CDCl3): δ198.1, 159.5, 144.6, 136.6, 130.1, 129.9, 128.9, 128.4, 127.4, 127.0, 
125.2 (t, 1JCF = 258.7 Hz), 113.4, 88.3, 83.9 (t, 2JCF = 49.1 Hz), 55.3, 27.3, 23.4; 19F-NMR (560 MHz, CDCl3): d -
57.7 (s, 2F); HRMS (EI): calcd for C27H20Co2F2O8 (M+): 627.9790, found: 627.9798. 
 
232b (minor): 1H-NMR (600 MHz, CDCl3): d 7.71-7.64 (m, 2H), 7.43 (d, J = 8.2 Hz, 2H), 7.41-7.29 (m, 3H), 6.86 
(d, J = 8.2 Hz, 2H), 5.43 (d, J = 9.6 Hz, 1H), 3.82 (s, 3H), 3.00-2.88 (m, 1H), 1.06 (d, J = 8.9 Hz, 6H); 13C-NMR 
(150 MHz, CDCl3): δ 198.1, 159.5, 143.9, 136.6, 129.9, 129.0, 128.6, 128.1, 127.8, 125.1 (t, 1JCF = 258.7 Hz), 113.6, 
88.7, 83.6 (t, 2JCF = 23.1 Hz), 55.3, 26.5, 22.6; 19F-NMR (560 MHz, CDCl3): d -56.7 (s, 2F); HRMS (EI): calcd for 
C27H20Co2F2O8 (M+): 627.9790, found: 627.9798. 
 
Etherification of ethyl 4-oxocyclohexanecarboxylate 
The procedure A was followed. The crude was purified by silica gel column chromatography (AcOEt : hexane 
containing 1% TEA) to provide 233 (53.2 mg, 89.7 µmol, 90%). 
 
233: red oil; IR (neat): 2035, 1734 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.74-7.58 (m, 2H), 7.46-7.32 (m, 3H), 5.60 
(brs, 1H), 4.16 (q, J = 7.0 Hz, 2H), 2.67-2.52 (m, 1H), 2.41 (brs, 2H), 2.35 (brs, 2H), 2.19-2.04 (m, 1H), 1.97-1.78 
(m, 1H), 1.27 (t, J = 7.1 Hz, 3H); 13C-NMR (150 MHz, CDCl3): δ198.0, 175.0, 147.3, 136.5, 129.9, 128.9, 128.5, 
124.9 (t, 1JCF = 258.7 Hz), 110.9, 88.1, 83.32 (t, 2JCF = 49.9 Hz), 60.5, 38.6, 27.1, 26.2, 25.3, 14.2; 19F-NMR (560 
MHz, CDCl3): d -58.9 (d, J = 167.0 Hz, 1F), -58.1 (d, J = 167.0 Hz, 1F); HRMS (EI): calcd for C21H18Co2F2O6 ([M-
3CO]+): 521.9735, found: 521.9379. 
 
Etherification of ethyl 4-oxocyclohexanecarboxylate with 220 
The procedure A was followed with complex 220 instead of 184. The crude was purified by silica gel column 



























234: red oil; IR (neat): 2031, 1736 cm-1; 1H-NMR (600 MHz, CDCl3): d 5.54 (s, 1H), 4.15 (1, J = 7.1 Hz, 2H), 2.63-
2.50 (m, 1H), 2.48 (brs, 2H), 2.29 (brs, 2H), 1.92-1.75 (m, 1H), 1.26 (t, J = 7.0 Hz, 3H), 1.06 (t, J = 7.8 Hz, 9H), 
0.81 (q, J = 7.8 Hz, 6H); 13C-NMR (150 MHz, CDCl3): δ 198.9, 175.0, 147.3, 124.4 (t, 1JCF = 259.4 Hz), 110.6, 99.2 
(t, 2JCF = 49.1 Hz), 75.3, 60.4, 38.6, 27.1, 26.2, 25.3, 14.2, 7.3, 5.6; 19F-NMR (560 MHz, CDCl3): d -57.8 (d, J = 
139.5 Hz, 1F), -57.0 (d, J = 139.5 Hz, 1F); HRMS (EI): calcd for C21H28Co2F2O6Si ([M-3CO]+): 560.0287, found: 
560.0278. 
 
Etherification of ethyl 4-oxocyclohexanecarboxylate with 221 
The procedure A was followed with complex 220 instead of 184. The crude was purified by silica gel column 
chromatography (AcOEt : hexane = 1:20 containing 1% TEA) to provide 235 (55.2 mg, 89.9 µmol, 90%). 
 
235: red oil; IR (neat): 2032, 1736 cm-1; 1H-NMR (400 MHz, CDCl3): d 5.53 (s, 1H), 4.15 (q, J = 7.0 Hz, 2H), 2.81 
(t, J = 7.5 Hz, 2H), 2.62-2.49 (m, 2H), 2.38 (brs, 2H), 2.29 (brs, 2H), 2.10 (brd, 1H), 1.93-1.76 (m, 1H), 1.65, (t, J = 
7.5 Hz, 2H), 1.46 (brs, 1H), 126 (t, J = 7.0 Hz, 3H), 0.91 (brs, 3H); 13C-NMR (150 MHz, CDCl3): δ 198.5, 175.0, 
147.2, 124.6 (t, 1JCF = 260.1 Hz), 110.5, 97.8, 84.0 (t, 2JCF = 49.9 Hz), 60.5, 38.6, 33.3, 31.6, 29.2, 27.0, 26.2, 25.2, 
22.5, 14.2, 14.0; 19F-NMR (560 MHz, CDCl3): d -58.9 (d, J = 148.3 Hz, 1F), -58.2 (d, J = 148.3 Hz, 1F); HRMS 
(EI): calcd for C21H26Co2F2NO6 ([M-3CO]+): 530.0361, found: 530.0357. 
 
Etherification of 2-(3-methoxyphenyl)cyclohexanone 
The procedure A was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 
TEA) to provide 236 (53.4 mg, 83.3 µmol, 83%). 
 
236: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.38 (d, J = 7.5 Hz, 2H), 7.23-7.16 (m, 3H), 6.86 
(d, J = 7.5 Hz, 1H), 6.82 (s, 1H), 6.75 (dd, J = 8.2, 2.1 Hz, 1H), 5.97 (s, 1H), 3.75 (s, 3H), 3.66 (s, 1H), 2.33-2.20 (m, 





















144.8 , 136.4, 129.9, 129.1, 128.7, 128.2, 125.0 (t, 1JCF = 258.7 Hz), 120.8, 115.0, 113.8, 111.8, 87.9, 83.4 (t, 2JCF = 
49.9 Hz), 55.1, 44.4, 33.0, 24.2, 18.4; 19F-NMR (560 MHz, CDCl3): d -60.2 (d, J = 148.3 Hz), -58.3 (d, J = 148.3 
Hz); HRMS (EI): calcd for C28H20Co2F2O8 (M+): 639.9790, found: 639.9777. 
 
Etherification of (2-oxocyclohexyl)methyl 4-iodobenzoate 
The procedure A was followed. The crude was purified by silica gel column chromatography (hexane) to provide the 
mixture of 237 and 238 (69.4 mg, 87.4 µmol, 86%). The ratio was determined by 1H-NMR (237 : 238 = 6.8 : 1). The 
mixture of 237 and 238 was inseparable. 
 
237 (major): red oil; IR (neat): 2035, 1725 cm-1; 1H-NMR (600 MHz, CDCl3): δ7.78 (d, J = 8.6 Hz, 2H), 7.71 (d, J 
= 8.2 Hz, 2H), 7.66-7.59 (m, 2H), 7.36-7.29 (m, 3H), 5.88 (s, 1H), 4.49 (dd, J = 10.8, 2.9 Hz, 1H), 4.33 (dd, J = 11.0, 
7.9 Hz, 1H), 2.84 (brs, 1H), 2.23-2.16 (m, 2H), 1.96-1.87 (m, 1H), 1.86-1.77 (m, 1H), 1.76-1.69 (m, 1H), 1.68-1.60 
(m, 1H); 13C-NMR (150 MHz, CDCl3): δ 197.9, 165.9, 146.2, 137.7, 136.4, 131.0, 129.9, 128.9, 128.5, 125.2 (t, 1JCF 
= 259.4 Hz),116.5, 100.6, 88.3, 83.0 (t, 2JCF = 49.1 Hz), 64.99, 37.65, 26.12, 24.04, 19.03; 19F-NMR (560 MHz, 
CDCl3): d -58.1 (d, J = 157.0 Hz, 1F), -59.0 (d, J = 139.5 Hz, 1F); HRMS (EI): calcd for C26H19Co2F2O6I ([M-
3CO]+): 709.8858, found: 709.8849. 
 
Etherification of ethyl 2-oxocyclohexanecarboxylate 
The procedure A was followed. The crude was purified by silica gel column chromatography (AcOEt : hexane = 1 : 
20 containing 1% TEA) to provide the mixture of 239 and 240 (35.3 mg, 58.2 µmol, 58%, 239 : 240 = 1.4 : 1). The 
ratio was determined by 1H-NMR. The analytical sample was prepared by flash silica gel column chromatography 
(AcOEt : hexane = 1 : 20). 
 
239: red oil; IR (neat): 2035, 1731 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.66 (d, J = 7.5 Hz, 2H), 7.40-7.30 (m, 3H), 
4.08 (q, J = 7.1 Hz, 2H), 2.50 (brs, 2H), 2.40 (brs, 2H), 1.81-1.74 (m, 2H), 1.71-1.65 (m, 2H), 1.18 (t, J = 6.8 Hz, 
3H); 13C-NMR (150 MHz, CDCl3): δ 198.0, 166.6, 150.6, 136.6, 130.0, 128.8, 128.4, 125.2 (t, 1JCF = 260.1 Hz), 
121.1, 88.3, 82.4 (t, 2JCF = 49.1 Hz), 60.3, 29.5, 26.2, 22.4, 21.5, 14.1; 19F-NMR (560 MHz, CDCl3): d -55.5 (s, 2F); 



























240: red oil; IR (neat): 2035, 1737 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.66-7.59 (m, 2H), 7.40-7.30 (m, 3H), 5.90 
(s, 1H), 4.10-4.03 (m, 2H), 3.33 (t, J = 5.1 Hz, 1H), 2.30-2.24 (m, 1H), 2.20-2.14 (m, 1H), 1.99-2.02 (m, 2H), 1.67-
1.80 (m, 1H), 1.59-1.66 (m, 1H), 1.17 (q, J = 6.8 Hz, 3H); 13C-NMR (150 MHz, CDCl3): δ 197.9, 172.7, 144.2, 136.4, 
130.0, 128.9, 128.4, 125.1 (t, 1JCF = 260.1 Hz), 115.7, 88.2, 83.1 (t, 2JCF = 49.1 Hz), 60.8, 44.5, 27.3, 23.8, 19.1, 14.0; 
19F-NMR (560 MHz, CDCl3): d -59.2 (d, J = 148.3 Hz), -58.7 (d, J = 148.3 Hz); HRMS (EI): calcd for C21H18Co2F2O6 
([M-3CO]+): 521.9735, found: 521.9726. 
 
Etherification of 2-methylene-3-oxobutyl 3-cyanobenzoate 
The procedure A was followed. The crude was purified by silica gel column chromatography (hexane) to provide 
241 (38.0 mg, 57.2 µmol, 57%). 
 
 
241: red oil; IR (neat): 2036, 1731 cm-1; 1H-NMR (600 MHz, CDCl3): δ 8.34 (s, 1H), 8.29 (d, J = 8.2 Hz, 1H), 7.86 
(d, J = 8.2 Hz, 1H), 7.68-7.63 (m, 2H), 7.60 (t, J = 7.5 Hz, 1H), 7.33-7.40 (m, 3H), 5.68 (s, 1H), 5.46 (s, 1H), 5.36 
(s, 1H), 5.15 (d, J = 2.7 Hz, 1H), 5.06 (s, 2H); 13C-NMR (150 MHz, CDCl3): δ 197.9, 164.1, 150.1, 136.7, 136.3, 
136.2, 133.7, 133.3, 131.2, 129.9, 129.5, 129.0, 128.6, 125.2 (t, 1JCF = 261.5 Hz), 118.4, 117.8, 113.1, 101.8, 88.7, 
82.3 (t, 2JCF = 47.7 Hz), 65.1; 19F-NMR (560 MHz, CDCl3): d -59.3 (s, 2F); HRMS (FAB): calcd for C25H15Co2F2NO6 
([M-3CO]+): 580.9531, found: 580.9549. 
 
Etherification of (E)-4-(2-methoxyphenyl)but-3-en-2-one 
The procedure A was followed. The crude was purified by silica gel column chromatography (hexane containing 1% 
TEA) to provide 242 (26.4 mg, 43.1 µmol, 43%). 
 
242: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.75-7.67 (m, 2H), 7.42-7.35 (m, 4H), 7.22 (t, J = 
7.9 Hz, 1H), 7.17 (d, J = 15.7 Hz, 1H), 6.91 (t, J = 7.2 Hz, 1H), 6.85 (d, J = 8.2 Hz, 1H), 6.71 (d, J = 15.7 Hz, 1H), 
5.24 (s, 1H), 4.99 (s, 1H), 3.75 (s, 3H); 13C-NMR (150 MHz, CDCl3): δ 198.0, 157.3, 152.0, 136.4, 130.0, 129.6, 
129.2, 129.2, 128.9, 128.5, 127.2, 125.6, 125.2, 125.1 (t, 1JCF = 260.8 Hz), 124.1, 120.5, 110.8, 102.5, 84.5, 82.8 (t, 























3CO]+): 527.9630, found: 527.9630. 
 
Etherification of aldehydes 
General Procedure. A solution of 184 (0.15 mmol) and Co2(CO)8 (0.15 mmol) in toluene (1 mL) was stirred at room 
temperature. After 3 h, ketone (0.1 mmol), iPr2NEt (0.15 mmol) and AgNTf2 (0.15 mmol) was added and stirred at 
room temperature for 30 min. The reaction mixture was diluted with saturated aqueous NaHCO3 (1 mL) and extracted 
with AcOEt (5mL x 2). The combined organic layers were washed with brine and dried over MgSO4, filtered and 
concentrated in vacuo. The residue was purified by flash silica gel column chromatography (Kanto). When it is 
difficult to identify the obtained products by 1H-NMR, these products decoplexed following procedure. 
To a solution of dicobalt complex in Et2O-MeCN (1:1, 0.02 M) was added N,N,N’-trimethylethylenediamine (4.5 
eq.). The reaction mixture was stirred at room temperature under O2 atmosphere. After 16 h, the reaction mixture was 
diluted with H2O (5 mL) and Et2O (5 mL) and extracted with Et2O (5 mL × 3). The combined organic layers were 
washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified by flash silica gel column 
chromatography (hexane). 
 
Etherification of 2-(4-methoxyphenyl)acetaldehyde 
The general procedure was followed. The crude was purified by silica gel column chromatography (hexane) to 
provide 248 (42.3 mg, 72.2 µmol, 72%, Z/E > 20/1). 
 
248: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.65 (d, J = 6.2 Hz, 2H), 7.44-7.39 (m, 2H), 7.37-
7.30 (m, 3H), 6.80 (d, J = 7.5 Hz, 1H), 6.68 (d, J = 8.9 Hz, 2H), 5.68 (d, J = 6.8 Hz, 1H), 3.76 (s, 3H); 13C-NMR 
(150 MHz, CDCl3): 197.8, 158.6, 136.2, 133.1, 130.2, 130.0, 129.0, 128.6, 126.3 (t, 1JCF = 260.1 Hz), 125.0, 113.5, 
111.9, 89.0, 80.7 (t, 2JCF = 44.1 Hz), 55.2; 19F-NMR (560 MHz, CDCl3): d 59.8; HRMS (EI): calcd for C24H14Co2F2O8 
(M+): 585.9321, found: 585.9331. 
 
Etherification of 2-(4-chlorophenyl)acetaldehyde 
The general procedure was followed. The crude was purified by silica gel column chromatography (hexane) to 
provide 249 (32.9 mg). 
The decomplexation procedure was followed. The crude was purified silica gel column chromatography (hexane) to 















249’: colorless oil; IR (neat): 2249, 1666 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.65 (d, J = 6.2 Hz, 2H), 7.44-7.39 
(m, 2H), 7.37-7.30 (m, 3H), 6.80 (d, J = 7.5 Hz, 1H), 6.68 (d, J = 8.9 Hz, 2H), 5.68 (d, J = 6.8 Hz, 1H), 3.76 (s, 
3H); 13C-NMR (150 MHz, CDCl3): 197.8, 158.6, 136.2, 133.1, 130.2, 130.0, 129.0, 128.6, 126.3 (t, 1JCF = 260.1 Hz), 
125.0, 113.5, 111.9, 89.0, 80.7 (t, 2JCF = 44.1 Hz), 55.2; 19F-NMR (560 MHz, CDCl3): d 59.8; HRMS (EI): calcd for 
C17H1135ClF2O (M+): 304.0466, found: 304.0461. 
 
Etherification of 2- 2-([1,1'-biphenyl]-4-yl)acetaldehyde 
The general procedure was followed. The crude was purified by silica gel column chromatography (hexane) to 
provide 250 (48.0 mg). 
The decomplexation procedure was followed. The crude was purified silica gel column chromatography (hexane) to 
give 250’ (20.2 mg, 58.3 µmol, 58% 2 steps). 
 
 
250’: colorless oil; IR (neat): 2248, 1666 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.68 (d, J = 8.2 Hz, 2H), 7.61-7.53 
(m, 6H), 7.48-7.42 (m, 3H), 7.38 (t, J = 7.7 Hz, 2H), 7.34 (t, J = 7.4 Hz, 1H), 6.69 (d, J = 6.9 Hz, 1H), 5.75 (d, J = 
6.9 Hz, 1H); 13C-NMR (150 MHz, CDCl3): 140.7, 140.1, 134.5, 132.6, 132.4, 130.5, 129.5, 128.8, 128.6, 127.3, 
127.1, 127.0, 119.1, 114.3 (t, 1JCF = 254.6 Hz), 112.4, 86.5 (t, 3JCF = 5.8 Hz), 77.7 (t, 2JCF = 52.0 Hz); 19F-NMR (560 
MHz, CDCl3): d -57.6; HRMS (EI): calcd for C23H16F2O (M+): 346.1169, found: 346.1168. 
 
Etherification of 2-(3-methoxyphenyl)acetaldehyde 
The general procedure was followed. The crude was purified by silica gel column chromatography (hexane) to 
provide 251 (32.6 mg, 55.7 µmol, 56%, Z/E = 6/1). 
 
251: red oil; IR (neat): 2037 cm-1; 1H-NMR (400 MHz, CDCl3): δ 7.69-7.59 (m, 2H), 7.38-7.29 (m, 2H), 7.16 (d, J 
= 7.4 Hz, 2H), 7.05 (t, J = 7.8 Hz, 1H), 6.91 (s, 1H), 6.88 (d, J = 7.1 Hz, 1H), 6.72 (d, J = 6.72 Hz, 1H), 5.71 (d, J = 
7.1 Hz, 1H), 3.761 (s, 3H); 13C-NMR (150 MHz, CDCl3): 197.8, 159.4, 136.2, 134.7, 123.0, 129.1, 129.0, 128.6, 
125.1 (t, 1JCF = 260.1 Hz), 121.5, 114.4, 112.9, 112.3, 88.8, 80.5 (t, 2JCF = 48.4 Hz), 55.0; 19F-NMR (560 MHz, 
CDCl3): d -59.6; HRMS (EI): calcd for C24H14Co2F2O8 ([M-CO]+): 557.9372, found: 557.9383. 
 
Etherification of 2-(2-methoxyphenyl)acetaldehyde 














provide 252 (33.3 mg). 
The decomplexation procedure was followed. The crude was purified silica gel column chromatography (hexane) to 
give 252’ (11.0 mg, 36.6 µmol, 37% 2 steps). 
 
252’: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.65 (d, J = 6.2 Hz, 2H), 7.39-7.44 (m, 2H), 7.30-
7.37 (m, 3H), 6.80 (d, J = 7.5 Hz, 1H), 6.68 (d, J = 8.9 Hz, 2H), 5.68 (d, J = 6.8 Hz, 1H), 3.76 (s, 3H); 13C-NMR 
(150 MHz, CDCl3): 197.8, 158.6, 136.2, 133.1, 130.2, 130.0, 129.0, 128.6, 126.3 (t, 1JCF = 260.1 Hz), 125.0, 113.5, 
111.9, 89.0, 80.7 (t, 2JCF = 44.1 Hz), 55.2; 19F-NMR (560 MHz, CDCl3): d 59.8; HRMS (EI): calcd for C24H14Co2F2O8 
(M+): 585.9321, found: 585.9331. 
 
Etherification of dihydrocinnamaldehyde 
The general procedure was followed. The crude was purified by silica gel column chromatography (hexane) to 
provide 253 (29.8 mg, 52.3 µmol, 52%, Z/E = 20:1). 
 
253: red oil; IR (neat): 2036 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.64 (d, J = 6.8 Hz, 2H), 7.35-7.30 (m, 3H), 7.28 
(d, J = 7.5 Hz, 2H), 7.22-7.17 (m, 3H), 6.81 (d, J = 6.2 Hz, 1H), 5.12 (q, J = 7.1 Hz, 1H), 3.47 (d, J = 7.5 Hz, 2H); 13C-
NMR (150 MHz, CDCl3): δ 197.9, 140.0, 136.3, 134.7, 134.6, 134.8, 130.0, 129.0, 128.6, 128.5, 128.3, 126.1, 124.9 
(t, 1JCF = 260.1 Hz), 113.0, 88.5, 81.3 (t, 2JCF = 46.2 Hz), 30.1; 19F-NMR (560 MHz, CDCl3): d -60.4 (s, 2F); HRMS 
(EI): calcd for C24H14Co2F2O8 (M+): 569.9372, found: 569.9380. 
 
Etherification of 4-oxobutyl benzoate 
The general procedure was followed. The crude was purified by silica gel column chromatography (hexane) to 
provide 254 (40.8 mg, 65.0 µmol, 65%, Z/E = 5:1). 
 
254 (Z isomer): red oil; IR (neat): 2036, 1720 cm-1; 1H-NMR (600 MHz, CDCl3): δ 8.02 (d, J = 7.2 Hz, 2H), 7.62-
7.67 (m, 2H), 7.55 (t, J = 7.4 Hz, 1H), 7.42 (t, J = 7.9 Hz, 2H), 7.38-7.31 (m, 4H), 6.81 (d, J = 6.5 Hz, 1H), 5.03 (q, 
J = 7.0 Hz, 1H), 4.32 (t, J = 6.7 Hz, 2H), 2.59 (qd, J = 6.9, 1.1 Hz, 2H); 13C-NMR (150 MHz, CDCl3): δ 197.8, 166.5, 
136.3, 136.1 (t, 2JCF = 5.8 Hz), 132.9, 129.9, 129.5, 129.0, 128.6, 128.3, 124.8 (t, 1JCF = 259.4 Hz), 109.4, 88.49, 81.1 




















([M-3CO]+): 543.9579, found: 543.9581. 
 
Etherification of 5-(1,3-dioxoisoindolin-2-yl)pentanal 
The general procedure was followed. The crude was purified by silica gel column chromatography (hexane) to 
provide 255 (34.9 mg, 52.3 µmol, 52%, Z/E = 7:1). 
 
 
255 (Z isomer): red oil; IR (neat): 2036, 1716 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.82 (dd, J = 5.4, 2.9 Hz, 2H), 
7.70 (dd, J = 5.7, 2.9 Hz, 2H), 7.62 (d, J = 7.6 Hz, 2H), 7.31-7.39 (m, 3H), 6.70 (d, J = 6.5 Hz, 1H), 4.96 (q, J = 7.1 
Hz, 1H), 3.64 (t, J = 7.4 Hz, 2H), 2.18 (q, J = 7.6 Hz, 2H), 1.75 (quint, J = 7.5 Hz, 2H); 13C-NMR (150 MHz, CDCl3): 
δ 197.9, 168.3, 136.3, 134.9 (t, 2JCF = 5.8 Hz), 133.8, 132.2, 129.9, 129.0, 128.6, 124.8 (t, 1JCF = 260.1 Hz), 123.1, 
112.7, 88.4, 81.3 (t, 2JCF = 47.3 Hz), 37.4, 28.0, 21.3; 19F-NMR (560 MHz, CDCl3): d -60.5 (s, 2F); HRMS (FAB): 
calcd for C25H17Co2F2NO6 ([M-3CO]+): 582.9688 found: 582.9669. 
 
255 (E isomer): 1H-NMR (600 MHz, CDCl3): δ 7.85 (dd, J = 2.9 Hz, 2H), 7.72-7.68 (m, 2H), 7.61 (d, J = 10.0 Hz, 
2H), 7.39-7.31 (m, 3H), 5.41 (dt, J = 12.4, 7.4 Hz, 1H), 3.72 (t, J = 7.0 Hz, 2H), 2.09 (q, J = 7.4 Hz, 2H), 1.81 (quint, 
J = 7.3 Hz, 2H); 13C-NMR (150 MHz, CDCl3): d -60.8 (s, 2F). 
 
The synthesis of trifluoropyrane 259 
 
 
The 1 mmol scale synthesis of E27 
A solution of phenyldifluorobromopropyne (184) (160 mg, 693 µmol) and Co2(CO)8 (246 mg, 719 µmol) in toluene 
(7 mL) was stirred at room temperature. After 3 h, acetophenone (160 µL, 1.63 mmol), iPr2NEt (125 µL, 717 µmol) 
and AgNTf2 (272 mg, 701 µmol) was added and stirred at room temperature for 30 min. The reaction mixture was 

















AgNTf2 (1.0 eq.) 
iPr2NEt (1.0 eq.)























were washed with brine and dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by silica 
gel column chromatography (hexane) to provide E27 (275 mg, 494 µmol, 71%). 
 
E27: red oil; IR (neat): 2035 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.67 (q, J = 3.0 Hz, 2H), 7.58-7.52 (m, 2H), 7.41-
7.36 (m, 3H), 7.34-7.29 (m, 3H), 5.40 (d, J = 2.7 Hz, 1H), 5.33 (s, 1H); 13C-NMR (150 MHz, CDCl3): δ 198.0, 152.6, 
136.4, 135.2, 130.0, 128.9, 128.6, 128.2, 125.5, 125.3 (t, 1JCF = 267.5 Hz), 99.5, 88.6, 82.8 (t, 2JCF = 49.5 Hz); 19F-
NMR (560 MHz, CDCl3): d -59.3 (s, 2F); HRMS (EI): calcd for C20H12Co2F2O4 ([M-3CO]+): 471.9368, found: 
471.9359. 
 
The synthesis of 244 
To a solution of E27 (275 mg, 494 µmol) in Et2O (20 mL) was added N,N,N’-trimethylethylenediamine (410 µL, 
2.99 mmol). The reaction mixture was stirred at room temperature under O2 atmosphere. After 20 h, the reaction 
mixture was diluted with H2O (10 mL) and Et2O (10 mL) and extracted with Et2O (20 mL × 3). The combined organic 
layers were washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified by flash silica 
gel column chromatography (hexane) to provide 244 (103 mg, 381 µmol, 71%). 
 
244: colorless oil; IR (neat): 2245 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.63 (d, J = 7.5 Hz, 2H), 7.45-7.36 (m, 6H), 
7.33 (t, J = 7.5 Hz, 2H), 5.38 (s, 1H), 5.19 (s, 1H); 13C-NMR (150 MHz, CDCl3): δ 153.0, 134.5, 132.3, 130.2, 129.1 , 
128.44, 128.38, 125.5, 119.4, 114.4 (t, 1JCF = 243.1 Hz), 99.1, 86.1 (t, 3JCF = 5.7 Hz), 78.2 (t, 2JCF = 52.3 Hz); 19F-
NMR (560 MHz, CDCl3): d -53.3 (s, 2F); HRMS (EI): calcd for C17H12F2O (M+): 270.0856, found: 270.0877. 
 
The synthesis of trifluoropyrane 259 
To a solution of 244 (27.0 mg, 99.8 µmol) and 3HF·Et3N (6.6 µL, 40.4 µmol) in DCE (1 mL) was AgNTf2 (1.8 mg, 
4.6 µmol, 10 mol%) and stirred at room temperature. After 20 h, the reaction mixture was quenched with saturated 
aqueous NaHCO3 (1 mL) and extracted with CH2Cl2 (2 mL × 2). The combined organic layers were dried over 
MgSO4 and concentrated in vacuo. The residue was purified by PTLC (AcOEt : hexane = 1 : 8) to provide 259 (13.9 
mg, 47.9 µmol, 48%). 
 
259: colorless oil; IR (neat): 1666 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.69-7.61 (m, 2H), 7.52-7.46 (m, 5H), 7.43-
7.39 (m, 3H), 6.34 (s, 1H), 3.22-3.05 (m, 2H); 13C-NMR (150 MHz, CDCl3): δ140.2 (t, 3JCF = 8.6 Hz), 138.2 (t, 2JCF 
= 24.4 Hz), 129.8, 128.9, 128.6, 125.7 , 124.8 (t, 3JCF = 7.2 Hz), 120.1 (dd, 1JCF = 251.0, 233.8 Hz), 113.9 (dd, 2JCF 
= 37.3, 33.0 Hz), 112.1 (dd, 1JCF = 227.0 Hz, 3JCF = 7.2 Hz), 37.0 (d, 2JCF =33.0 Hz); 19F-NMR (560 MHz, CDCl3): 
d -54.5 (d, J = 174.4 Hz), -66.5 (d, J = 191.8 Hz), -107.5 (d, J = 34.9 Hz); HRMS (EI): calcd for C17H13Co2F3O (M+): 




The synthesis of trifluoropyrane 260 
 
 
The 1 mmol scale synthesis of 223 
A solution of phenyldifluorobromopropyne (184) (231 mg, 1.00 mmol) and Co2(CO)8 (350 mg, 1.02 mmol) in toluene 
(10 mL) was stirred at room temperature. After 3 h, 4’-chloroacetophenone (258 µL, 2.00 mmol), iPr2NEt (210 µL, 
1.21 mmol) and AgNTf2 (450 mg, 1.16 mmol) was added and stirred at room temperature for 30 min. The reaction 
mixture was diluted with saturated aqueous NaHCO3 (5 mL) and extracted with hexane (20 mL x 2). The combined 
organic layers were washed with brine and dried over MgSO4, filtered and concentrated in vacuo. The residue was 
purified by silica gel column chromatography (hexane) to provide 223 (482 mg, 817 µmol, 82%). 
 
The synthesis of 245 
To a solution of 223 (482 mg, 817 µmol) in Et2O (20 mL) and MeCN (20 mL) was added N,N,N’-
trimethylethylenediamine (560 µL, 4.08 mmol). The reaction mixture was stirred at room temperature under O2 
atmosphere. After 20 h, the reaction mixture was diluted with H2O (20 mL) and Et2O (20 mL) and extracted with 
Et2O (20 mL × 3). The combined organic layers were washed with brine, dried over MgSO4, and concentrated in 
vacuo. The residue was purified by flash silica gel column chromatography (hexane) to provide 245 (173 mg, 568 
µmol, 70%). 
 
245: colorless oil; IR (neat): 2246, 1637 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.56-7.53 (m, 2H), 7.42 (t, J = 7.7 Hz, 
1H), 7.41 (d, J = 7.6 Hz, 2H), 7.35-7.33 (m, 4H), 5.42-5.38 (m, 1H), 5.23-5.18 (m, 1H); 13C-NMR (150 MHz, CDCl3): 
δ 152.0, 135.1, 133.0, 132.2, 130.4, 128.6, 128.5, 126.8, 119.2, 114.3 (t, 1JCF = 243.5 Hz),99.5, 86.32 (t, 3JCF = 6.5 
Hz), 78.0 (t, 2JCF = 52.0 Hz); 19F-NMR (560 MHz, CDCl3): d -53.5 (s, 2F); HRMS (EI): calcd for C17H1135ClF2O 
(M+): 304.0466, found: 304.1468. 
 
The synthesis of trifluoropyrane 260 
To a solution of 245 (29.6 mg, 97.1 µmol) and 3HF·Et3N (13.5 µL, 82.8 µmol) in DCE (2 mL) was AgNTf2 (8.0 mg, 
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aq. (1 mL) and extracted with CH2Cl2 (4 mL × 2). The combined organic layers were dried over MgSO4 and 
concentrated in vacuo. The residue was purified by PTLC (AcOEt : hexane = 1 : 8) to provide diastereomeric mixture 
of 260 (23.0 mg, 70.8 µmol, 73%). The diastereomeric ratio was determined by 1H-NMR. 
 
260: colorless oil; IR (neat): 1666, 1603 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.57 (dt, J = 8.9, 2.1 Hz, 2H), 7.39-
7.50 (m, 7H), 6.33 (t, J = 2.1 Hz, 1H), 3.17 (dt, J = 17.5, 6.9 Hz, 1H), 3.05 (ddtd, J = 34.0, 17.6, 5.5, 2.7 Hz, 1H); 13C-
NMR (150 MHz, CDCl3): δ 140.1 (t, 3JCF = 9.4 Hz), 136.7 (t, 2JCF = 24.6 Hz), 136.0 (t, 2JCF = 33.2 Hz), 129.9, 128.94, 
128.86, 126.4 (t, 3JCF = 5.8 Hz), 125.6, 120.0 (dd, 1JCF = 235.5, 251.4 Hz), 113.9 (dd, 2JCF = 37.6, 33.2 Hz), 11.7 (dd, 
1JCF = 229.8 Hz, 3JCF = 5.8 Hz), 36.9 (d, 2JCF = 33.2 Hz); 19F-NMR (560 MHz, CDCl3): d  -54.7 (d, J = 191.8 Hz, 
1F), -66.6 (d, J = 174.4 Hz, 1F), -107.0 (d, J = 34.9 Hz, 1F); HRMS (EI): calcd for C17H1235ClF3O (M+): 324.0529, 
found: 324.0545. 
 
The synthesis of trifluoropyrane 268 
 
 
The 1 mmol scale synthesis of 219 
A solution of phenyldifluorobromopropyne (184) (205 mg, 887 µmol) and Co2(CO)8 (316 mg, 924 µmol) in toluene 
(9 mL) was stirred at room temperature. After 3 h, cyclohexane (190 µL, 1.83 mmol), iPr2NEt (160 µL, 919 µmol) 
and AgNTf2 (344 mg, 887 µmol) was added and stirred at room temperature for 30 min. The reaction mixture was 
diluted with saturated aqueous NaHCO3 (5 mL) and extracted with hexane (20 mL x 2). The combined organic layers 
were washed with brine and dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by silica 
gel column chromatography (hexane) to provide 219 (380 mg, 711 µmol, 80%). 
 
The synthesis of 243 
To a solution of 219 (380 mg, 355 µmol) in MeCN (28 mL) was added cerium ammonium nitrate (1.80 g, 3.28 mmol). 
After 15 min, the reaction mixture was diluted with satirated aqueous Na2S2O3 (10 mL) and extracted with AcOEt 
(20 mL × 2). The combined organic layers were washed with brine, dried over MgSO4, and concentrated in vacuo. 
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243: colorless oil; IR (neat): 2048 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.52 (d, J = 6.8 Hz, 2H), 7.43 (t, J = 7.2 Hz, 
1H), 7.37 (t, J = 7.5 Hz, 2H), 5.58 (s, 1H), 2.24 (brs, 2H), 2.12 (brd, J = 3.4 Hz, 2H), 1.66-1.81 (m, 2H), 1.48-1.65 
(m, 2H); 13C-NMR (150 MHz, CDCl3): δ148.1, 132.2, 130.1, 128.5, 119.7, 114.3 (t, 1JCF = 241.7 Hz), 113.7, 85.1 (t, 
3JCF = 5.7 Hz), 78.9 (t, 2JCF = 53.8 Hz), 27.9, 23.8, 22.8, 21.7; 19F-NMR (560 MHz, CDCl3): d -52.3 (s, 2F); HRMS 
(EI): calcd for C15H14F2O (M+): 248.1013, found: 248.0986. 
 
The synthesis of trifluoropyrane 268 
To a solution of 243 (12.7 mg, 51.2 µmol) and 3HF·Et3N (3.3 µL, 20.2 µmol) in DCE (1 mL) was AgNTf2 (1.8 mg, 
4.6 µmol, 10 mol%) and stirred at room temperature. After 20 h, the reaction mixture was quenched with sat. NaHCO3 
aq. (1 mL) and extracted with CH2Cl2 (2 mL × 2). The combined organic layers were dried over MgSO4 and 
concentrated in vacuo. The residue was purified by PTLC (AcOEt : hexane = 1 : 8) to provide diastereomeric mixture 
of 268 (10.8 mg, 40.3 µmol, 79%, major : minor = 2.5:1). The diastereomeric ratio was determined by 1H-NMR. 
The analytical sample was prepared followed procedure. To a solution of 243 (12.4 mg, 45.8 µmol) and in DCE (1 
mL) was AgNTf2 (0.90 mg, 2.3 µmol, 5 mol%) and stirred at room temperature. After 14 h, the reaction mixture was 
quenched with saturated aqueous NaHCO3 (1 mL) and extracted with CH2Cl2 (2 mL × 2). The combined organic 
layers were dried over MgSO4 and concentrated in vacuo. The residue was purified by PTLC (AcOEt : hexane = 1 : 
8) to provide single diastereomer 268 (5.93 mg, 22.1 µmol, 48%). 
 
268 (major isomer): colorless oil; IR (neat): 1660 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.40-7.52 (m, 2H), 7.36-7.40 
(m, 3H), 6.09 (s, 1H), 2.79-2.86 (m, 1H), 2.32 (d, J = 13.7 Hz, 1H), 1.91-1.97 (m, 1H), 1.74-1.91 (m, 3H), 1.60-1.70 
(m, 1H), 1.20-1.39 (m, 2H); 13C-NMR (150 MHz, CDCl3): δ146.1 (t, 3JCF = 9.3 Hz), 135.9, 129.6, 128.9, 126.1, 
120.0 (dd, 1JCF = 248.1, 233.8 Hz), 114.4 (t, 3JCF = 4.3 Hz), 112.9 (dd, 2JCF = 38.7, 31.6 Hz), 41.6 (d, 2JCF = 24.4 Hz), 
35.3 (d, 2JCF = 21.5 Hz), 31.2 (d, 3JCF = 7.2 Hz), 24.3, 22.7 (d, 3JCF = 10.0 Hz); 19F-NMR (560 MHz, CDCl3): d -
103.0 (s, 1F), -65.5 (d, J = 191.8 Hz, 1F), -52.7 (d, J = 174.4 Hz, 1F); HRMS (EI): calcd for C25H17Co2F2NO6S (M+): 
268.1075, found: 268.1075. 
 





The 1 mmol scale synthesis of 248 
A solution of phenyldifluorobromopropyne (184) (277 mg, 1.20 mmol) and Co2(CO)8 (560 mg, 1.64 mmol) in toluene 
(8 mL) was stirred at room temperature. After 3 h, 4-methoxyphenylacetoaldehyde (130 mg, 866 µmol), DTBMP 
(210 µL, 1.21 mmol) and AgNTf2 (450 mg, 1.16 mmol) was added and stirred at room temperature for 30 min. The 
reaction mixture was diluted with sat. NaHCO3 aq. (5 mL) and extracted with hexane (20 mL x 2). The combined 
organic layers were washed with brine and dried over MgSO4, filtered and concentrated in vacuo. The residue was 
purified by silica gel column chromatography (AcOEt : hexane = 1:50) to provide 248 (331 mg, 565 µmol, 65%). 
 
The synthesis of phenyl difluoropropargyl vinyl ether 269 
To a solution of 248 (331 mg, 565 µmol) in Et2O (14 mL) and MeCN (14 mL) was added N,N,N’-
trimethylethylenediamine (390 µL, 2.84 mmol). The reaction mixture was stirred at room temperature under O2 
atmosphere. After 21 h, the reaction mixture was diluted with H2O (20 mL) and Et2O (20 mL) and extracted with 
Et2O (20 mL × 3). The combined organic layers were washed with brine, dried over MgSO4, and concentrated in 
vacuo. The residue was purified by flash silica gel column chromatography (AcOEt : hexane = 1:20) to provide 269 
(138 mg, 460 µmol, 81%). 
 
269: colorless oil; IR (neat): 2248, 1607 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.59-7.52 (m, 4H), 7.46 (t, J = 7.6 Hz, 
1H), 7.39 (t, J = 7.6 Hz, 1H), 6.88 (d, J = 8.6 Hz, 2H), 6.58 (d, J = 6.9 Hz, 1H), 5.66 (d, J = 6.9 Hz, 1H), 3.82 (s, 
3H); 13C-NMR (150 MHz, CDCl3): 158.9, 132.9 (t, 3JCF = 3.6 Hz), 132.5, 130.6, 130.5, 128.7, 126.4, 119.3, 114.4 (t, 
1JCF = 244.9 Hz), 113.9, 112.6, 86.4 (t, 3JCF = 5.8 Hz), 78.29, 77.9 (t, 2JCF = 52.7 Hz), 55.33; 19F-NMR (560 MHz, 
CDCl3): d -57.5 (s, 2F); HRMS (EI): calcd for C18H14F2O2 (M+): 300.0962, found: 300.0932. 
 
The synthesis of trifluoropyrane 270 
To a solution of 269 (15.3 mg, 50.9 µmol) and 3HF·Et3N (6.6 µL, 40.2 µmol) in DCE (1 mL) was AgNTf2 (7.3 mg, 
19 µmol, 40 mol%) and stirred at room temperature. After 18 h, the reaction mixture was quenched with sat. NaHCO3 
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concentrated in vacuo. The residue was purified by PTLC (AcOEt : hexane = 1 : 4) to provide diastereomeric mixture 
of 270 (11.8 mg, 70.8 µmol, 73% 270a : 270b = 2.2:1). The diastereomeric ratio was determined by 1H-NMR.The 
analytical sample was obtained by PTLC (AcOEt : hexane = 1 : 4). 
 
270a: colorless oil; IR (neat): 1614 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.46-7.41 (m, 3H), 7.40-7.37 (m, 2H), 7.28 
(d, J = 8.9 Hz, 2H), 6.87 (d, J = 8.9 Hz, 2H), 6.16 (d, J = 1.4 Hz, 1H), 5.68-5.58 (m, 1H), 5.54 (d, J = 44.0 Hz, 1H), 
3.81 (s, 3H); 13C-NMR (150 MHz, CDCl3): δ 160.01, 148.2 (t, JCF = 5.1 Hz), 130.14, 130.10, 129.1, 128.09, 128.05, 
127.3 (d, 2J = 21.7 Hz), 127.1, 117.6 (d, 2J = 33.3 Hz), 113.7, 90.5 (d, 1JCF = 183.5 Hz), 86.8 (d, 2JCF = 24.6 Hz), 
55.27; 19F-NMR (560 MHz, CDCl3): d -58.8 (d, J = 165.7Hz, 1F), -61.6 (d, J = 165.7Hz, 1F), -191.9 (s, 1F); HRMS 
(EI): calcd for C18H15F3O2 (M+): 320.1024, found: 320.1011. 
 
 
270b: colorless oil; IR (neat): 1648, 1613 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.47-7.39 (m, 3H), 7.37-7.31 (m, 
2H), 7.01 (d, J = 8.6 Hz, 2H), 6.78 (d, J = 8.6 Hz, 2H), 5.97 (s, 1H), 5.93-5.84 (m, 1H), 5.59 (dd, J = 43.6, 2.7 Hz, 
1H), 3.78 (s, 3H); 13C-NMR (150 MHz, CDCl3): δ 160.0, 148.2, 132.2 (dd, 1JCF = 249.3, 245.4 Hz), 130.2, 129.1, 
128.3, 128.2, 127.1, 125.5 (d, 2JCF = 21.7 Hz), 117.6 (t, 2JCF = 33.2 Hz), 113.2, 92.9 (dd, 1JCF = 176.3 Hz, 2JCF = 7.2 
Hz), 86.5 (2JCF = 27.5 Hz), 55.2; 19F-NMR (560 MHz, CDCl3): d -58.4 (d, J = 165.7Hz, 1F), -60.1 (d, J = 165.7Hz, 









































Synthesis of phenyl difluorodienone 272 
 
 
The synthesis of E30 
A solution of triethylsilyldifluorobromopropyne (220) (96.7 mg, 359 µmol) and Co2(CO)8 (142 mg, 415 µmol) in 
toluene (4 mL) was stirred at room temperature. After 3 h, acetophenone (90 µL, 772 µmol), iPr2NEt (70 µL, 402 
µmol) and AgNTf2 (156 mg, 402 µmol) was added and stirred at room temperature for 30 min. The reaction mixture 
was diluted with sat. NaHCO3 aq. (2 mL) and extracted with hexane (10 mL x 2). The combined organic layers were 
washed with brine and dried over MgSO4, filtered and concentrated in vacuo. The residue was purified by flash silica 
gel column chromatography (Kanto) to provide E30 containing acetophenone (211 mg). 
 
E30: red oil; IR (neat): 2062 cm-1; 1H-NMR (600 MHz, CDCl3): d δ 7.60-7.53 (m, 2H), 7.38-7.34 (m, 3H), 5.35 (d, 
J = 2.1 Hz, 1H), 5.25 (s, 1H), 1.08 (t, J = 7.9 Hz, 9H), 0.85 (q, J = 7.9 Hz, 6H); 13C-NMR (150 MHz, CDCl3): δ 
153.0, 134.4, 129.0, 128.3, 125.4, 112.9 (t, 1JCF = 243.1 Hz), 98.9, 93.7 (t, 2JCF = 50.2 Hz), 91.2 (t, 3JCF = 5.0 Hz), 
7.12, 3.64; 19F-NMR (560 MHz, CDCl3): d -57.6 (s, 2F); HRMS (EI): calcd for C20H22Co2F2O6Si ([M-3CO]+): 
509.9919, found: 509.9903. 
 
The synthesis of E31 
To a solution of E30 containing acetophenone (211 mg) and triethylamine (220 µL, 1.58 mmol) in MeCN (14 mL) 
was added cerium ammonium nitrate (1.01 g, 1.84 mmol). After 30 min, the reaction mixture was diluted with sat. 
Na2S2O3 (10 mL) and extracted with AcOEt (20 mL × 2). The combined organic layers were washed with brine, dried 
over MgSO4, and concentrated in vacuo. The residue was purified by flash silica gel column chromatography 
(hexane) to provide E31 (60.8 mg, 197 µmol, 56%, 2 steps). 
 
E31: colorless oil; IR (neat): 1638 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.58 (d, J = 6.2 Hz, 2H), 7.36-7.30 (m, 3H), 
5.34 (s, 1H), 5.12 (s, 1H), 0.93 (t, J = 7.9 Hz, 9H), 0.58 (q, J = 8.0 Hz, 6H); 13C-NMR (150 MHz, CDCl3): δ 153.0, 
134.4, 129.0, 128.3, 125.4, 112.9 (t, 1JCF = 243.1 Hz), 99.0, 93.6 (t, 2JCF = 50.9 Hz), 91.2 (t, 3JCF = 5.0 Hz), 7.1, 3.6; 
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The synthesis of gem-difluoropropargyl vinyl ether 271 
To a solution of E31 (60.8 mg, 197 µmol) in THF (10 mL) was added TBAF (1M in THF, 240 µL, 240 µmol) at –78 
ºC. The reaction mixture was stirred at –78 ºC for 15 min and then quenched with sat. NH4Cl aq. (5 mL). The mixture 
was extracted with Et2O (10 mL × 3) and the combined organic layer was washed with brine, dried over MgSO4, and 
concentrated in vacuo. The residue was purified by silica gel column chromatography (hexane, Merck) to provide 
271 (33.4 mg, 172 µmol, 87%). 
 
271: colorless oil; IR (neat): 2142, 1639 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.58 (d, J = 6.2 Hz, 2H), 7.43-7.35 (m, 
3H), 5.36 (d, J = 1.0 Hz, 1H), 5.13 (d, J = 1.0 Hz, 1H), 2.75 (t, J = 3.4 Hz, 1H); 13C-NMR (150 MHz, CDCl3): δ 
152.7, 134.1, 129.2, 128.4, 125.4, 113.0 (t, 1JCF = 244.5 Hz), 98.7, 74.5 (t, 3JCF = 6.5 Hz), 72.9 (t, 2JCF = 52.3 Hz); 
19F-NMR (560 MHz, CDCl3): d -54.8 (s, 2F); HRMS (EI): calcd for C11H8F2O (M+): 194.0543, found: 194.0542. 
 
The synthesis of difluorodienone 272 
The solution of 271 (16.1 mg, 82.9 µmol) DTBMP (3.40 mg, 16.6 µmol) in toluene (4.1 mL) was heated at 80 ºC for 
3 h. The reaction mixture was cooled at room temperature and concentrated in vacuo. The residue was purified by 
PTLC (AcOEt : hexane = 1 : 4) to provide 272 (10.1 mg, 52.0 µmol, 63%). 
 
272: white solid; IR (neat): 1708 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.94 (d, J = 6.9 Hz, 2H), 7.57 (t, J = 6.9 Hz, 
1H), 7.53-7.44 (m, 3H), 6.99 (d, J = 15.1 Hz, 1H), 5.29 (dd, J = 23.0, 11.3 Hz, 1H); 13C-NMR (150 MHz, CDCl3): δ 
189.5, 159.3 (dd, 1JCF = 304.9 Hz, 299.1 Hz), 137.7, 134.3 (d, 4JCF = 5.8 Hz), 132.9, 128.6, 128.4, 124.9 (d, 3JCF = 
10.1 Hz), 82.4 (dd, 2JCF = 28.1, 15.2 Hz); 19F-NMR (560 MHz, CDCl3): d -79.9, -80.7; HRMS (EI): calcd for 
C11H8F2O (M+): 194.0543, found: 194.0531. 
 
Synthesis of 4’methoxyphenyl-difluorodienone 274 
 
 
The large synthesis of E28 
A solution of triisopropylsilyldifluorobromopropyne (37) (305 mg, 983 µmol) and Co2(CO)8 (351 mg, 1.03 mmol) 
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iPr2NEt (170 µL, 976 µmol) and AgNTf2 (381 mg, 982 µmol) was added and stirred at room temperature for 30 min. 
The reaction mixture was diluted with saturated aqueous NaHCO3 (5 mL) and extracted with hexane (20 mL x 2). 
The combined organic layers were washed with brine and dried over MgSO4, filtered and concentrated in vacuo. The 
residue was purified by flash silica gel column chromatography (hexane, Kanto) to provide E28 (478 mg, 717 µmol, 
73%). 
 
E28: red oil; IR (neat): 2029 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.49 (d, J = 8.2 Hz, 2H), 6.86 (d, J = 8.2 Hz, 2H), 
5.23 (s, 1H), 5.13 (s, 1H), 3.82 (s, 3H), 1.28 (sept, J = 7.0 Hz, 3H), 1.20 (d, J = 6.8 Hz, 18H); 13C-NMR (150 MHz, 
CDCl3): δ 199.1, 160.1, 152.7, 128.0, 127.1, 124.5 (t, 1JCF = 261.5 Hz), 113.5, 101.1 (t, 2JCF = 48.4 Hz), 99.1, 73.1, 
55.3, 18.9, 13.8; 19F-NMR (560 MHz, CDCl3): d -56.5 (s, 2F); HRMS (EI): calcd for C24H30Co2F2O5Si ([M-3CO]+): 
582.0495, found: 582.0489. 
 
The synthesis of 246 
To a solution of E28 (478 mg, 717 µmol) in Et2O (29 mL) was added N,N,N’-trimethylethylenediamine (500 µL, 
3.60 mmol). The reaction mixture was stirred at room temperature under O2 atmosphere. After 16 h, the reaction 
mixture was diluted with H2O (10 mL) and Et2O (10 mL) and extracted with Et2O (20 mL × 3). The combined organic 
layers were washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified by flash silica 
gel column chromatography (hexane) to provide 246 (258 mg, 678 µmol, 95%). 
 
246: colorless oil; IR (neat): 1610 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.50 (d, J = 8.2 Hz, 2H), 6.87 (d, J = 8.9 Hz, 
2H), 5.21 (s, 1H), 5.02 (s, 1H), 3.82 (s, 3H), 1,07-0.99 (m, 21H); 13C-NMR (150 MHz, CDCl3): δ 160.3, 153.0, 127.1, 
126.8, 113.7, 113.0 (t, 1JCF = 261.5 Hz), 96.9, 94.5 (t, 2JCF = 51.3 Hz), 90.2 (t, 3JCF = 5.1 Hz), 55.3, 18.3, 10.8; 19F-
NMR (560 MHz, CDCl3): d -52.9 (s, 2F); HRMS (EI): calcd for C25H17F2O2Si (M+): 380.1983, found: 380.1982. 
 
The synthesis of difluoropropargyl vinyl ether 273 
To a solution of 246 (258 mg, 678 µmol) in THF (23 mL) was added TBAF (1M in THF, 750 µL, 750 µmol) at –78 
ºC. The reaction mixture was stirred at –78 ºC for 15 min and then quenched with saturated aqueous NH4Cl (4 mL). 
The mixture was extracted with Et2O (10 mL × 3) and the combined organic layer was washed with brine, dried over 
MgSO4, and concentrated in vacuo. The residue was purified by silica gel column chromatography (AcOEt : hexane 
= 1:20, Merck) to provide 273 containing iPr3SiF (162 mg <729 µmol, <100%). 
 
273: colorless oil; IR (neat): 3299, 2140 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.49 (d, J = 8.2 Hz, 2H), 6.86 (d, J = 
8.2 Hz, 2H), 5.23 (s, 1H), 5.13 (s, 1H), 3.82 (s, 3H), 1.28 (sept, J = 7.0 Hz, 3H), 1.20 (d, J = 6.8 Hz, 18H); 13C-NMR 
(150 MHz, CDCl3): δ 160.4, 152.6, 130.5, 126.8, 113.8, 113.0 (t, 1JCF = 243.8 Hz), 97.0, 74.4 (t, 3JCF = 6.5 Hz), 73.0 
(t, 2JCF = 53.1 Hz), 55.32; 19F-NMR (560 MHz, CDCl3): d -54.5 (s, 2F); HRMS (EI): calcd for C12H10F2O2 (M+): 
 
 169 
224.0649, found: 224.0641. 
 
The synthesis of 274 
The solution of 273 (28.0 mg, 125 µmol) and DTBMP (5.80 mg, 28.2 µmol) in toluene (6.5 mL) was heated at 80 ºC 
for 2.5 h. The reaction mixture was cooled at room temperature and concentrated in vacuo. The residue was purified 
by PTLC (AcOEt : hexane = 1 : 4) to provide 274 (20.1 mg, 89.6 µmol, 72%). 
 
274: white solid; IR (neat): 1708 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.95 (d, J = 8.9 Hz, 2H), 7.44 (dd, J = 14.4, 
12.3 Hz, 1H), 6.99 (d, J = 15.0 Hz, 1H), 6.96 (d, J = 8.9 Hz, 2H), 5.27 (dd, J = 23.2 Hz, 11.6 Hz, 1H), 3.88 (s, 
3H); 13C-NMR (150 MHz, CDCl3): δ 187.8, 163.5, 159.2 (dd, 1JCF = 304.0 Hz, 298.3 Hz), 133.5, 130.7, 130.6, 124.7 
(dd, 3JCF = 38.7 Hz, 12.9 Hz), 113.9 (dd, 2JCF = 52.3 Hz, 16.0 Hz), 82.4 (dd, 4JCF = 28.0 Hz, 12.2 Hz), 55.5; 19F-NMR 
(560 MHz, CDCl3): d -81.4, -80.5; HRMS (EI): calcd for C12H10F2O2 (M+): 224.0649, found: 224.0653. 
 




The large-scale synthesis of E29 
A solution of triisopropylsilyldifluorobromopropyne (37) (121 mg, 390 µmol) and Co2(CO)8 (141 mg, 412 µmol) in 
toluene (4 mL) was stirred at room temperature. After 3 h, isobutylacetophenone (145 mg, 814 µmol), iPr2NEt (70 
µL, 402 µmol) and AgNTf2 (162 mg, 412 µmol) was added and stirred at room temperature for 30 min. The reaction 
mixture was diluted with saturated aqueous NaHCO3 (5 mL) and extracted with hexane (20 mL x 2). The combined 
organic layers were washed with brine and dried over MgSO4, filtered and concentrated in vacuo. The residue was 
purified by silica gel column chromatography (hexane) to provide E29 (170 mg, 245 µmol, 63%). 
 
E29: red oil; IR (neat): 2028 cm-1; 1H-NMR (600 MHz, CDCl3): δ 7.27 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 
3.82 (s, 3H), 1.89 (s, 3H), 1.73 (s, 3H), 1.30-1.21 (m, 3H), 1.17 (d, J = 7.2 Hz, 18H); 13C-NMR (150 MHz, 
CDCl3): δ199.2, 158.8, 140.9, 130.3, 129.6, 124.9 (t, 1JCF = 256.7 Hz), 124.0, 113.1, 101.6 (t, 2JCF = 47.3 Hz), 72.7, 
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3CO]+): 610.0808, found: 610.0813. 
 
Synthesis of TIPS-difluoropropargyl vinyl ether 247 
To a solution of E29 (130 mg, 187 µmol) in Et2O (9.4 mL) was added N,N,N’-trimethylethylenediamine (140 µL, 
1.02 mmol). The reaction mixture was stirred at room temperature under O2 atmosphere. After 24 h, the reaction 
mixture was diluted with H2O (10 mL) and Et2O (10 mL) and extracted with Et2O (20 mL × 3). The combined organic 
layers were washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified by flash silica 
gel column chromatography (AcOEt : hexane = 1:20, ) to provide 247 (62.1 mg, 152µmol, 81%). 
 
247: colorless oil; IR (neat): 2028 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.28 (d, J = 8.2 Hz, 2H), 6.85 (d, J = 8.2 Hz, 
2H), 3.81 (s, 3H), 1.88 (s, 3H), 1.72 (s, 3H), 1.08 (s, 21H); 13C-NMR (150 MHz, CDCl3): δ 159.1, 141.4, 130.7, 
128.0, 123.7, 114.1 (t, 1JCF = 244.2 Hz), 113.1, 95.3 (t, 2JCF = 50.6 Hz), 89.4, 55.2, 20.1, 18.7, 18.4, 10.9; 19F-NMR 
(560 MHz, CDCl3): d -50.1 (s, 2F); HRMS (EI): calcd for C23H34F2O2Si (M+): 408.2296, found: 408.2284. 
 
Synthesis of difluoropropargyl vinyl ether 278 
To a solution of 247 (66.7 mg, 163 µmol) in THF (6.5 mL) was added TBAF (1M in THF, 180 µL, 180 µmol) at –
78 ºC. The reaction mixture was stirred at –78 ºC for 15 min and then quenched with saturated aqueous NH4Cl (5 
mL). The mixture was extracted with Et2O (6 mL × 3) and the combined organic layer was washed with brine, dried 
over MgSO4, and concentrated in vacuo. The residue was purified by flash silica gel column chromatography 
(AcOEt : hexane = 1:50, Merck) to provide 278 (29.6 mg, 117 µmol, 72%). 
 
278: colorless oil; IR (neat): 3299, 2140 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.27 (t, J = 6.8 Hz, 3H), 6.87 (d, J = 
6.8 Hz, 2H), 3.82 (s, 3H), 2.66 (s, 1H), 1.88 (s, 3H), 1.74 (s, 3H); 13C-NMR (150 MHz, CDCl3): δ 159.2, 140.7, 130.7, 
128.0, 124.2, 113.8 (t, 1JCF = 243.8 Hz), 113.2, 73.9 (t, 3JCF = 6.5 Hz), 73.6 (t, 2JCF = 53.1 Hz), 55.2, 20.0, 18.7; 19F-
NMR (560 MHz, CDCl3): d -52.6 (s, 2F); HRMS (EI): calcd for C14H14F2O2 (M+): 252.0962, found: 252.0957. 
 
Synthesis of difluoroallene 279 
The solution of 278 (29.6 mg, 117 µmol) in toluene (6 mL) was heated at 100 ºC for 48 h. The reaction mixture was 
cooled at room temperature and concentrated in vacuo. The residue was purified by PTLC (AcOEt : hexane = 1 : 4) 
to provide 279 (25.4 mg, 101 µmol, 86%). 
 
279: colorless oil; IR (neat): 2011 cm-1; 1H-NMR (600 MHz, CDCl3): d 7.90 (d, J = 8.9 Hz, 2H), 6.88 (d, J = 8.9 Hz, 
2H), 6.73 (s, 1H), 3.85 (s, 3H), 1.47 (s, 6H); 13C-NMR (150 MHz, CDCl3): δ 199.9, 169.1 (t, 2JCF = 36.6 Hz), 162.9, 
153.9 (t, 1JCF = 263.9 Hz), 131.8, 130.7, 128.5, 127.9 (t, 3JCF = 5.0 Hz), 113.4, 55.4, 50.6, 25.9; 19F-NMR (560 MHz, 
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